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CHAPTER 1 INTRODUCTION

The lowering of the streambed at bridge piers is referred to as bridge sediment scour or
simply bridge scour. Bridge scour is the biggest cause of bridge failure in the United
States and a major factor that contributes to the total construction and maintenance costs
of bridges in the United States. Under prediction of design scour depths can result in
costly bridge failures and possibly in the loss of lives; while over prediction can result in
wasting millions of dollars on a single bridge. For these reasons, proper prediction of the

amount of scour anticipated at a bridge crossing during design conditions is essential.

Sediment scour occurs when the amount of sediment transport leaving an area is greater
then the amount of sediment entering the area. Sediment transport is divided into two
categories: 1) bed load and 2) suspended load. Bed load refers to sediment particles that
roll and slide in a thin layer, two sediment particle diameters, near the bed. Sediment
particles suspended in the water column by turbulent fluctuations and transported with
the flow is suspended load. Sediment movement is initiated when the forces acting on the
particles reaches a threshold value that exceeds the forces keeping them at rest. Flows
over a sediment bed exert lift and drag forces on the sediment particles. When these
forces per unit area tangent to the bed (bed shear stress) exceed a critical value (critical
shear stress) the sediment bed begins to move. For cohesionless sediments (e.g., sand),
the critical shear stress depends on the mass density and viscosity of the water, the
sediment mass density, the size and shape of the sediment particle, the bed roughness,
and the local water velocity. For cohesive sediments (e.g., muds and clays) and erodible
rock, additional water and sediment properties associated with the bonding of the
particles also play a role. The local velocity of the water depends on many quantities
including the sediment that forms the boundaries of the flow. A change in the sediment
boundaries (e.g., deposition or erosion) results in a change in the flow and vice versa.
Man-made or natural obstructions to the flow can also change flow patterns and create
secondary flows. Any change in the flow can impact sediment transport and thus the

scour at a bridge site.
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For engineering purposes, sediment scour at bridge sites is normally divided into four
categories: 1) general, 2) aggradation and degradation, 3) contraction and 4) local. Local
scour is further divided into pier and abutment scour. General scour refers to
mechanisms such as river meanders, tidal inlet instability, etc. Aggradation and
degradation refer to the raising or lowering of the streambed due to changes taking place
up and/or downstream of the bridge (i.e., an overall lowering or rising of the stream bed).
Contraction scour results from a reduction in the channel cross-section at the bridge site.
This reduction is usually attributed to the encroachment by the bridge abutments and/or
the presence of large bridge piers (large relative to the channel cross-section). Local
abutment scour results from the obstruction to the flow at the bridge abutments at the
edges of the waterway. Local pier scour is likewise the result of a flow obstruction, but
one located within the flow field. Figure 1-1 shows the effect of local scour on a bridge
pier. An additional mechanism, bed form propagation through the bridge site, may also
play a role. Bed forms refer to the pattern of regular or irregular waves that may result
from water flow over a sediment bed. These forms may propagate either in the same or in
the opposite direction of the flow. Since these undulations in the sediment bed may have
large amplitudes, one must also take into account their contribution to the lowering of the
bed near the bridge piles. Additionally, their presence contributes to the calculation of the
overall roughness of the bed, and hence the vertical structure of the flow over the bed.

The main mechanisms of local scour are: (1) increased mean flow velocities and pressure
gradients in the vicinity of the structure; (2) the creation of secondary flows in the form
of vortices; and (3) the increased turbulence in the local flow field. Two kinds of vortices
may occur: 1) wake vortices, downstream of the points of flow separation on the
structure; and 2) horizontal vortices at the bed and free surface due to stagnation pressure
variations along the face of the structure and flow separation at the edge of the scour
hole. These phenomena, although relatively easy to observe, are difficult to quantify
mathematically. Some researchers (Shen et al., 1969) have attempted to describe this
complex flow field mathematically, but with little success. A number of numerical

solutions have also been attempted, but again with limited success.
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Local scour is divided into two different scour regimes that depend on the flow and
sediment conditions upstream of the structure. Clear-water scour refers to the local
scour that takes place under the conditions where sediment is not in motion on a flat bed
upstream of the structure. If sediment upstream of the structure is in motion, then the

local scour is called live-bed scour.

Figure 1-1 Effects of Local Scour on a Bridge Pier

Most scour prediction formulae, such as the Colorado State University (CSU) equation
[currently used in the U.S. Federal Highway Administration (FHWA) Hydraulic
Engineering Circular Number 18 (HEC-18)], and those published by Sheppard et al.
(2004), Melville (2000), and Breusers (1977) are empirical and based on laboratory-scale
data. Many of these equations yield similar results for laboratory-scale structures, but
differ significantly in their predictions for prototype scale structures. The over prediction
of many of these equations for large structures in fine sands is well documented and is
referred to as the “Wide Pier” problem. Sheppard (2004) believes this problem results
from the exclusion of the pier width to sediment diameter ratio in many of these



equations as well as to the wrong functional dependence of this parameter in those
equations that do include it. He presents a possible explanation for why equilibrium
scour depth depends on this ratio as well as why this dependence diminishes with
increased values of this parameter. The limited field data that exist support his
conclusions. Additionally, the field data confirm the functional relationship of this

parameter in his equations, thus eliminating the “wide pier problem.”

This manual is organized as follows. Chapter 2 discusses total scour at a bridge crossing
as well as presents summaries of and references to more detailed treatments of general
scour, aggradation/degradation and contraction scour. Chapter 3 details the calculation of
local scour at a single simple structure under both clear-water and live-bed scour flow
conditions. Chapter 4, outlines the procedure for calculation of local scour at bridge piers
with complex geometries including those with buried or partially buried pile caps.
Finally, Chapter 5 discusses the conservatism in the methods and equations presented in
Chapters 3 and 4.



CHAPTER 2 BRIDGE SCOUR

When water flows through a bridge opening with sufficient velocity the bed, in general,
will change in elevation. This change in elevation is more significant near the abutments
and piers. The magnitude of these changes depends on many factors including the flow
and sediment parameters, structure size and shape, local and global channel
characteristics, etc. A net loss of sediment at the site is referred to as sediment scour or
simply scour. Knowledge of the maximum scour that will occur at the abutments and
piers during the life of the bridge is required for the design of the bridge foundation.
Under prediction of these values could result in catastrophic failure and possible loss of
life while over prediction can result in over design of the structure, and thus prove costly
and economically inefficient. Accurate prediction of scour is therefore of the utmost
importance. The methods and equations presented in this chapter are the result of 15

years of research on this topic at the University of Florida.

For analysis purposes, it is convenient to divide bridge scour into the following
categories: 1) general scour, 2) long term aggradation/degradation, 3) contraction scour,
and 4) local structure-induced pier and abutment scour. An additional mechanism, bed
form propagation through the bridge site, may also play a role. The combined sum of all
five components determines the total scour at a bridge pier or abutment. Even though
most of these processes take place simultaneously, for purposes of local scour
calculation, the equations presented herein were developed under the assumption that the
first three categories plus bed form amplitudes have occurred prior to the start of local
and abutment scour. Therefore, general scour, aggradation/degradation, contraction
scour and bedform amplitudes must be computed and the bed elevation adjusted
prior to calculating local and abutment scour. Sections 2.1 through 2.5 present
outlines and summaries of procedures, equations, and methods used to analyze each of

the scour components along with references to more detailed treatments of these topics.
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2.1.General Scour

For the purposes of this document, general scour refers to the bed elevation changes that
result from lateral instability of the waterway. This horizontal shifting is divided in two
classes. Bridge sites are often classified according to the nature of the flows encountered.
Sites that are far removed from the coasts where the flows are not significantly influenced
by astronomical tides are referred to as “riverine” sites while those near the coast are
called “tidal” sites. The flows at both sites are unsteady but, in general, the time scales of
the temporal variation are significantly different in the two cases. Additionally, tidal
flows often reverse flow direction. In the riverine environment, general scour refers to the
natural meandering process as illustrated in Figure 2-1. Meanders in rivers result from
transverse oscillation of the thalweg (the deepest part of the channel) within a straight
channel. This oscillation initiates formation of self-perpetuating bends. Although the
literature contains relatively little research regarding river meandering, observations
indicate characteristics associated with flow in bends. These characteristics include: (1)
super-elevation of the water at the outside of the bend, (2) strong downward currents
causing potential erosion at the outside of the bend, (3) scour at the outside and
deposition of sediment on the inside of the bend that moves the channel thalweg toward
the outside of the bend, and (4) a spiral secondary current that directs the bottom current
toward the inside of the bend. The overall effect of these mechanisms is to accentuate
existing bends in rivers. If a bridge crossing is located near one of these meanders, the
horizontal migration of the stream can result in an overall rising or lowering of the bed.
Therefore this process is treated as a component of sediment scour. For more
information on this topic the reader is referred to the US Federal Highway

Administration’s Hydraulic Engineering Circular Number 20 (HEC-20).

In coastal waters, tidal inlet instability is similar in that the channel migrates laterally to
affect a change in bed elevation at piers located in the vicinity of the inlet. Unimproved
inlets (inlets without jetties) are, in general, much less stable and are prone to larger and
more frequent lateral shifts. Inlet stability depends on several variables including the
magnitude and variability of longshore sediment transport, incident waves, the tidal

prism, other inlets in the system, coastal structures in the vicinity, etc. Figure 2-2 through
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Figure 2-4 contain aerials that illustrate channel migration at Ft. George Inlet in
Jacksonville, FI from 1992 to 1998. The channel cross section at the bridge has seen
significant change over the six year period as seen in photographs. For more information
on inlet instability the reader is referred to Dean and Dalrymple (2002).

Figure 2-1  Aerial view of the Lower Mississippi River

Figure 2-2  Ft. George Inlet 1992






2.2.Long Term Aggradation and Degradation

Whereas general scour refers to bed elevation changes that result from lateral instability,
aggradation and degradation is associated with the overall vertical stability of the bed.
Long term aggradation and degradation refers to the change in the bed elevation over
time over an entire reach of the water body. For riverine conditions, manmade or natural
changes in the system may produce erosion or deposition time over the entire reach of the
water body. Anything that changes the sediment supply of a river reach can impact the
bed elevation at the bridge site. Examples of these changes include the erection of a dam,
changes in upland drainage basin characteristics (e.g., land use changes), upstream
mining in the channel, etc. For information on aggradation/degradation in riverine
environments, the reader is referred to the US Federal Highway Administration’s

Hydraulic Engineering Circular Number 18 and its references.

Similar processes exist in tidal waters. However, in general, prediction of these processes
is more difficult due to the complex geometry of the flow boundaries, reversing flows,
wave climate, etc. As with riverine locations, historical information about the site and
the quantities that impact the sediment movement in the area are very useful in estimating
future changes in bed elevation at the site. For more information refer to the US Army
Corps of Engineers’ Coastal Engineering Manual (2002).

2.3.Contraction Scour

Contraction scour occurs when a channel’s cross-section is reduced by natural or
manmade features. Possible constrictions include the construction of long causeways to
reduce bridge lengths (and costs), the placement of large (relative to the channel cross-
section) piers in the channel, abutment encroachment, and the presence of headlands (see
Figure 2-5 and Figure 2-6). The reduction of cross sectional area results in an increase in
flow velocity due to conservation of flow. This may cause the condition of more
sediment leaving than entering the area and thus an overall lowering of the bed in the

contracted area. This process is known as “contraction scour.”



For design flow conditions that have long durations, such as those created by stormwater
runoff in rivers and streams in relatively flat country, contraction scour can reach near
equilibrium depths. Equilibrium conditions exist when the sediment leaving and entering
a section of a stream are equal. Laursen’s contraction scour prediction equations were
developed for these conditions. A summary of Laursen’s equations is presented below.
For more information and discussion the reader is referred to HEC-18.
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Figure 2-5 Two manmade features that create a contracted section in a channel.

Jensen Beach Causeway EL R R
Martin County, Florida

Figure 2-6  An example of manmade causeway islands that create a channel contraction.
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2.3.1. Steady, uniform flows

For steady, uniform flow situations one-dimensional computer flow models are usually

adequate for estimating design flow velocities. If, in addition, the design flow event is of

long duration, such as a riverine storm water runoff event in relatively flat terrain,

equilibrium contraction scour equations can estimate design contraction scour depths.

Laursen’s contraction scour equations [Laursen (1960)] were developed for these

situations. However, predictions using these equations tend to be conservative, even for

long duration flows, since the rate of erosion decreases significantly with increased

contraction scour depth. That is, unless the flow duration is extremely long, equilibrium
depths are not achieved. Laursen developed different equations for clear-water and live-

bed scour flow regimes. Both equations are designed for situations with relatively simple

flow boundaries to facilitate determination of meaningful values for the terms in the

equations. A brief summary of the equations are presented herein. The reader is referred

to HEC-18 for more information.

2.3.1.1. Live bed contraction scour equation

The live-bed scour equation assumes that the upstream flow velocities are greater than

the sediment critical velocity, V..

where,

Y1
Y2
Yo
Q1

wiafa]
Y1 Q W,

Ys = Y2 - Yo = average contraction scour

Average depth in the upstream channel, ft (m)
Average depth in the contracted section after scour, ft (m)
Average depth in the contracted section before scour, ft (m)

Di%charge in the upstream channel transporting sediment, ft*/s
(m?/s)

2.1
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W1 =

Wz =

Kl =

Discharge in the contracted channel, ft}/s (m®/s)

Bottom width of the main upstream channel that is transporting
bed material, ft (m)

Bottom width of the main channel in the contracted section less
pier widths, ft (m)

Exponent listed in Table 2-1 below

Table 2-1  Determination of Exponent, K;

Ve Ky Mode of Bed material Transport
w
<0.50 0.59 Mostly contact bed material discharge
0.50t0 2.0 | 0.64 | Some suspended bed material discharge
>2.0 0.69 | Mostly suspended bed material discharge
Ve = (1o/p)>>, shear velocity in the upstream section, ft/s (m/s)
1) = Fall velocity of bed material based on the Ds, ft/s (m/s) (Figure
2-7)
g = Acceleration of gravity, 32.17 ft/s* (9.81 m/s°)
T, = Shear stress on the bed, Ibs/ft* (Pa (N/m?))
p = Density of water, slugs/ft® (kg/m®)
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Figure 2-7  Fall Velocity of Sediment Particles having Specific Gravity of 2.65 (taken
from HEC-18, 2001)

2.3.1.2. Clear water contraction scour equation

The clear-water scour equation assumes that the upstream flow velocities are less than the

sediment critical velocity.

K 2
Y, = qu 2.3

D3W?

y, =Y, — Y, = average contraction scour 2.4

where,
Yo = Average equilibrium depth in the contracted section after
contraction scour, ft (m)

Q = Discharge through the bridge or on the set-back overbank area at
the bridge associated with the width W, ft*/s (m*/s )

Dn = Diameter of the smallest non-transportable particle in the bed
material (1.25 Dso) in the contracted section, ft (m)



Dsg = Median diameter of bed material, ft (m)

W = Bottom width of the contracted section less pier widths, ft (m)
Yo = Average existing depth in the contracted section, ft (m)
Ky = 0.0077 (when using English units)

For a more detailed discussion of these equations, the reader is referred to the HEC-18.
2.3.2. Unsteady, complex flows

There are many situations where Laursen’s contraction scour equations are not
appropriate including cases where: 1) the flow boundaries are complex, 2) the flows are
unsteady (and/or reversing), and 3) the duration of the design flow event is short, etc.
These situations usually require the application of two-dimensional, flow and sediment
transport models for estimating contraction scour depths. For example, the US Army
Corps of Engineers’ RMAZ2 hydraulics model and SED2D sediment transport model.
Just what constitutes a short or long duration flow event is not well defined, but is
dependent on several factors including site conditions, design flows, and sediment
parameters. As such, one must rely on engineering judgment and experience when
making these determinations. As a general rule of thumb, if the situation requires a 2D
model for the hydraulics it will most likely require a 2D model for computing contraction

scour.
2.4.Bed Forms

When cohesionless sediments are subjected to currents and/or surface waves, bed forms
can occur. These bed features are divided into several categories (ripples, mega ripples,
dunes, sand waves, antidunes, etc.) according to their size, shape, method of generation,
etc. Since some of these wave-like features can have large amplitudes, they must be
accounted for by those responsible for establishing design scour depths. This is
particularly true for structures with buried pile caps that may be uncovered by these
bedforms. There are a number of predictive equations for estimating bed form height and
length in the literature [Tsubaki-Shinohara (1959), Ranga Raju-Soni (1976), Allen
(1968), Fredsoe (1980), Yalin (1985), van Rijn (1993]. One of these formulations is

presented below.
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The following methods and equations for estimating bed form heights and lengths were

developed by Leo C. van Rijn. The details of this work and the work of other researchers

can be found in van Rijn (1993).

The first step in van Rijn’s procedure establishes the type of bed form that will exist for

the flow and sediment conditions of interest. This is accomplished by computing the

values of the dimensionless parameters T and D" and then referring to Table 2.2. The

equations in Table 2.3 estimate the bed form height and length given the bed form type.

Table 2-2  Bed Classification for determining Bed Forms

Transport Regime Particle Size
1<d, <10 d.>10
0<T, <3 Mini-Ripples Dunes
Lower 3<T, <10 Mega-Ripples and Dunes Dunes
10<T, <15 Dunes Dunes
Transition 15<T, <25 Washed-Out Dunes, Sand Waves
Upper T, > 25, Fr<8 (Symmetrical) Sand Waves
T, > 25, Fr>8 Plane Bed and/or Anti-Dunes

The expressions for T,, d. and Fr are as follows:

where the critical bed shear stress, 1., can be estimated from Shield’s Diagram in Figure

2-8.

1/2 1/2
C =326 jog, [12Ye | =18 M 1o, [12Vo ],
S 3Dy, S 3Dy,

1/3
d. = D, {(sg-l)g}

2
A%
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sg = % = mass density of sediment divided by mass density of water,

V=

% = kinematic viscosity of water,

g = acceleration of gravity = 32.17 ft/s?,

, = Wwater depth just upstream of structure,

Dy, = grain diameter of which 90% of sediment has a smaller value, and

Fr = Froude Number = v .
VYo
Table 2-3  Bed Form Length and Height (van Rijn, 1993)
Bed Form . Bed Form Length
Classification Bed Form Height (A) (L)
Mega- Ripples® 0.02 yo[1-exp(-0.1T)](10-T) 0.5y,
Do 03
Dunes 0.11y, (%} [1-exp(-05T)](25-T] 7.3y,
0

Sand Waves 0.15 Yo (1-Fr? ){1-exp[-0.5(T-15) 10y,
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Figure 2-8 Critical bed shear stress as a function of sediment particle diameter, Shields
(1936).

2.5.Local Scour

When water flows around a structure located in or near an erodible sediment bed, the
increased forces on the sediment particles near the structure may remove sediment from
the vicinity of the structure. This erosion of sediment is referred to as structure-induced
sediment scour (local scour or pier scour). For cohesionless sediments, the scour hole
usually takes the form of an inverted cone with a slope approximately equal to the angle
of repose for the sediment in water. The deepest depth of the scour hole is of greatest
interest to the structural engineer designing a new (or analyzing the stability of an
existing) structure. Therefore, scour hole depth, or more simply scour depth, refers to the
maximum depth within the scour hole. For a given steady flow velocity and water depth,
the scour depth increases with time until it reaches a maximum value known as the
equilibrium scour depth, ys. The integrity of the structure supported by the sediment is
often highly dependent on the depth of the scour hole. Much research devoted to local
scour over the last few decades has revolved around scour around a single circular pile.

As a result, methods and equations for estimating scour at more complex structures are
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based on the knowledge and understanding of local scour at single, circular structures.
Chapter 3 is devoted to methods for computing equilibrium scour depths at singular pile

structures. Chapter 4 presents methods and equations for complex bridge pier structures.

2-14



CHAPTER 3 LOCAL SCOUR AT A SINGLE PILE

3.1.Introduction

There are many local scour depth prediction equations in the literature as well as a
number of review papers that compare the various equations and methodologies [e.g.,
Breusers et al. (1977), Jones (1983), Landers, and Mueller (1996)]. Most of these
equations are empirical and based primarily on small scale laboratory data. While many
of these equations yield reasonable results for laboratory scale structures and sediments,
they can differ significantly in their prediction of scour depths at large, prototype scale
structures. This chapter discusses the formulation of equilibrium local scour depth
prediction equations for single pile structures developed by D. Max Sheppard and his
students at the University of Florida. The FDOT and FHWA have both accepted these
equations for use in design scour predictions in Florida and they have also been used for a
number of bridges in other states throughout the United States. These equations were
first published in 1995 [Sheppard et al. (1995)] but have been modified and updated over
the years as more laboratory data became available. The data from which these equations
are based cover a wide range of structure, flow and sediment parameters. Clearwater
scour tests with prototype scale structures were performed in a 20 ft wide, 21 ft deep by
126 ft long flume in the USGS-BRD Conte Laboratory in Turners Falls, Massachusetts.
Live-bed tests with velocities up to six times the sediment critical velocity were
conducted in a 5 ft wide, 4 ft deep by 148 ft long flume in the Hydraulics Laboratory at
the University of Auckland in Auckland, New Zealand. Finally, the chapter concludes

with two example problems that help illustrate the use of the equations.
3.2.Description of the Flow Field Around a Single Pile

This section discusses the flow field near a cylindrical pile in a steady flow, as described
by various researchers. The flow field in the immediate vicinity of a structure is quite
complex, even for simple structures such as circular piles. One of the dominant features
of the local flow field is the formation of secondary flows in the form of vortices. Many

investigators (e.g. Shen et al., 1966, Melville, 1975) believe that these vortices are the
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most important mechanisms of local scour (at least during certain phases of the scour

evolution).

Vortices, with near horizontal axes are formed at the bed and near the water surface on
the upstream edge of the structure. These are referred to as the “horseshoe” and
“surface” vortices respectively. The term “horseshoe” is derived from the shape that the
vortex takes as it wraps around the pile and trails downstream when viewed from above
(Figure 3.1). Shen et al. (1966) describes the horseshoe vortex system in detail. The
horseshoe vortex is initiated by the stagnation pressure gradient on the leading edge of
the structure resulting from the bottom boundary layer of the approaching flow. That is,
the variation in flow velocity from zero at the bed to the value at the surface causes a
variation in stagnation pressure on the leading edge of the structure. The largest
stagnation pressure occurs at the elevation of the highest velocity. In its simplest form,
the horseshoe vortex system is composed of two vortices, a large one next to the structure
and one adjacent small counter rotating vortex. For more complex flows and structure
shapes, multiple unsteady vortices are formed which periodically shed and are swept
downstream. Clearly, the geometry of the structure is important in determining the
strength of the vortex system. Blunt nosed structures create the most energetic vortex

systems.

I'r Steady Current - Vortex Sheadin&\
elaclly Profile - I Ai in Wake |
i i ;

et ~Watar Surface
! [ . —- -.
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|
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Layer :

1
1
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SIDE VIEW TOP WIEW
Figure 3-1 Schematics of the vortices around a cylinder

Melville (1975) measured mean flow directions, mean flow magnitude, turbulent flow
fluctuations, and computed turbulent power spectra around a circular pile for flatbed,

intermediate and equilibrium scour holes. He found that a strong vertical downward flow
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developed ahead of the cylinder as the scour hole enlarged. The size and circulation of
the horseshoe vortex increased rapidly and the velocity near the bottom of the hole
decreased as the scour hole was enlarged. As the scour hole develops further, the

intensity of the vortex decreases and reaches a constant value at the equilibrium stage.

Although the horseshoe vortex is considered the most important scouring mechanism for
steady flows, the wake vortex system is also important. Wake vortices are created by
flow separation on the structure. Large scour holes may also develop downstream from
piers under certain circumstances (e.g. Shen et al., 1966). With their vertical component
of flow, wake vortices act somewhat like a tornado. They put the bed material in

suspension, where it is carried downstream by the mean flow.

More recently another potential scour mechanism was identified [Sheppard (2004)]. This
mechanism results from the pressure gradient field generated by the presence of the
structure in the flow. The pressure field near the bed is, for the most part, determined by
the pressure field in the main body of flow. Potential flow theory shows that there are
significant variations in pressure in the flow field near the structure. These pressure
gradients impose pressure forces on the sediment grains that can be much larger than the
drag forces due to the flow around the grains. The pressure gradients reduce in
magnitude with increasing structure size; therefore, they are more important for
laboratory scale than for prototype scale structures. The results of the analysis presented
in Sheppard (2004) help explain the dependence of equilibrium scour depth on the

various dimensionless groups discussed in the next section.
3.3.Equilibrium Scour Depths in Steady Flows

There is usually a distinction made between local scour that occurs at flow velocities less
than and greater than the sediment critical velocity (the velocity required to initiate
sediment movement on a flat bed upstream of the structure). If the velocity is less than
the sediment critical velocity, the scour is known as “clear-water scour”. If the velocity
is greater than the sediment critical velocity, the scour is called “live-bed scour”. The

following discussion is limited to sediments that are cohesionless, such as sand. For



sediments such as silts, muds, clays, and rock additional parameters must be considered

to account for the forces that bond the particles together.

For most structures in a steady flow, the local scour depth varies in magnitude around the

structure. In this discussion the term local scour depth (or just local scour) refers to the

depth of the deepest point in the local scour hole.

Equilibrium local scour depth depends on a number of fluid, sediment and structure

parameters. Equation 3.1 expresses this mathematically as
ySE f(pvul 91 D50161 psvyOlvv D*l®)l

where

ys = the equilibrium scour depth (maximum local scour
depth after the flow duration is such that the depth is no longer changing),

f =symbol meaning "function of ",
p and ps = density of water and sediment respectively,

dynamic viscosity of water (depends primarily on temperature),

-
Ml

g = acceleration of gravity,

D5y = median diameter of the sediment,

o = gradation of sediment,

Yo = depth of flow upstream of the structure,

V = depth average velocity upstream of the structure,

*

D

effective diameter of structure, i.e. the diameter of circular pile that would

3.1

experience the same scour depth as the structure for the same sediment and flow

conditions. For a circular pile D’is simply the diameter of the pile.

® = parameter quantifying the concentration of fine sediments in suspension .

The most important dimensionless groups for local scour can be obtained from the
quantities given in Equation 3.1. These eleven quantities can be expressed in terms of

three fundamental dimensions: force, length and time. According to the Buckingham =
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theorem, eight (11 variables - 3 fundamental dimensions) independent dimensionless
groups exist for this situation. An example of these eight groups is given in Equation 3.2

where V. is the critical depth-averaged velocity (the velocity required to initiate sediment

motion on a flat bed).

The large number of variables (and therefore dimensionless groups) affecting local scour
processes has resulted in researchers presenting their data in a wide variety of ways. This
has made it difficult to compare results from different investigations and to some extent
has slowed progress in local scour research. As with any complex problem, some of the
groups are more important than others. It is impractical (if not impossible) to include all
of the groups in an analysis of the problem. The question becomes “which of the groups

are most important for local scour processes?”

Based on the importance of Froude Number (V' / /gy, ) in open channel flows some of

the earlier researchers chose to employ this group to account for flow intensity and water
depth. For example, the equation referred to as the CSU (Colorado State University)
equation, which is presented in the current version of the FHWA Hydraulic Engineering
Circular Number 18 (HEC-18), includes the Froude Number. A wide variety of groups
and combinations of groups have been proposed over the years, each working reasonably
well for at least the range of (mostly laboratory) data used in their development. Some
researchers (including the authors of this manual) have found that the parameters in

Equation 3.3 can describe equilibrium scour depths for a wide range of conditions.

y_i:f y21l1l101®
D D'V, D,

If the sediment is near uniform in size (¢ < 1.5) the effect of o is small and can be

neglected. If the size distribution is large, the equilibrium scour depth can be
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significantly reduced due to natural armoring as the finer grains are removed leaving only

the larger grains which require more energy for their removal.

The suspended fine sediment in the water column (often referred to as washload) has
been shown to reduce equilibrium scour depths in laboratory tests. However, more
research is needed before the level of scour reduction can be quantified. The effects of
both ¢ and O are discussed further in Chapter 5.

The discussion thus far in this chapter has been limited to single circular piles (or single
circular piles that represent a more complex structure shape). As indicated above, scour
at single structures with other shapes can be analyzed using their “effective diameter”,
D". The effective diameter is the diameter of a water surface penetrating circular pile that
will experience the same equilibrium scour depth as the structure of interest under the

same sediment and flow conditions.

Table 3-1 presents effective diameters for several common shapes which have been

determined using Equations 3.4-3.6 and laboratory data.

Table 3-1  Effective Diameters for Common Structure Cross-sections.

Structure Projected [E)]ic;?ﬁgt\;er
Cross-section Width D'
Flow v
O D W=D D'=D
Flow —¢— D’ =1.23W

=1.23D

D
Il % .
Flow W=14D D =W
=1.2D

—_—

=

f

The following equilibrium local scour depth equations were developed by Sheppard and

his graduate students at the University of Florida. They are empirical and based



primarily on laboratory data obtained by Sheppard in four different Laboratories
(University of Florida in Gainesville, Florida, Colorado State University in Fort Collins,
Colorado, University of Auckland in Auckland, New Zealand and the Conte USGS-BRD
Laboratory in Turners Falls, Massachusetts).

In the clear-water scour range (0.47 < V/V.< 1)

0.4 2 *
Yo _ o5 tanh“ yzj ] 1—1.75{In(lﬂ lE /Dso — 34
D D \4 0.4(D"/Dy, ) +10.6(D"/Dy, )

In the live-bed scour range up to the live-bed peak (1 < V/ V¢ < Vy/ V)

0.4
yi =tanh (ﬁj
D D
: 3.5
- " V., /V.-V/V
X 22[%}_,.2_5 15) /D50 . L |P/ c / c]
Vip/Ve-1 0.4(D"/Dy, )~ +10.6(D"/Dy,) Vi / V-1
and in the live-bed scour range above the live-bed peak (V/ V¢ > Viy/ V)

0.4
Sy tanh[( Yo j } , 36
D D

The variations of normalized equilibrium scour depth, ys/D”, with the three dimensionless

groups, Yo/D”, VIV, and D"/Ds are shown graphically in Figure 3-2 through Figure 3-4.
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Figure 3-3  Equilibrium Scour Depth Dependence with Flow Intensity, V/V. (for
Yo/D >3 and constant values of D /Dsp).
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Figure 3-4  Equilibrium Scour Depth Dependence on D /Ds for yo/ D™ > 3 and V/V.=1.

Figure 3-2 shows the dependence of scour depth on the aspect ratio, yo/ D~ while holding
VIV, and D"/Ds constant. Figure 3-3 shows the variation of scour depth with flow
intensity, V/V, for constant yo/ D" and D"/Dso. Figure 3-4 shows the dependence of scour
depth on D*/Dsy for constant yo/ D™ and V/V.. The data indicates that there are two local
maximums in the scour depth versus V/V; plots. The first local maximum occurs at
transition from clear-water to live-bed scour conditions, i.e., at V/V¢ =1. The second
maximum, referred to here as the “live-bed peak” is thought to occur at the flow
conditions where the bed forms disappear (i.e., the bed planes out). The velocity that
produces the live-bed scour peak is called the live-bed peak velocity and is denoted by
Vip.

Data obtained by the author and other researchers clearly show that the equilibrium scour
depth decreases with increasing velocity just beyond the transition peak before
proceeding to the live-bed peak. Since Equations 3.4-3.6 are intended for design
applications, no attempt was made to include this reduction in scour depth in the
predictive equations. For slowly varying flows, the structure will experience the

transition peak en route to the live-bed design flow condition.

In the clear-water scour range, equilibrium scour depth is very sensitive to changes in the

flow intensity, V/V.. To a lesser extent, scour depth is also sensitive to the magnitude of
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the live-bed peak velocity, Vi,. It is therefore important to employ the same methods
applied during the development of the equations when computing V¢ and Vi,. The
sediment critical velocity, V¢, is calculated using a curve fit to Shield’s diagram (Figure
2-8). The live-bed peak velocity, Vi, is computed from van Rijn’s (1993) prediction of
the conditions under which the bed planes out. The equations for computing V¢ and V,
are presented below.

Sediment Critical Velocity, V.

V.=25u. In,| —2° |, 3.7
2.72z,
where
u., = == = critical friction velocity =,/0, (sg-1)g Dy, 3.8
p
0.25-0.1,/d. 0.01<d.<3,
®,.=410.0023d.-0.000378d. In, (d*)+0.23/d* -0.005 3<d,<150, 3.9
0.0575 d, > 150,
2 1/3
d.=Dy, | (sg-1)g/v* |, 3.10
v/(9u.,) 0<Re, < 5,
z,=1k,10°[ -6+2.85Re, -0.58Re, In, (Re, ) +0.002Re} +111/Re, | 5<Re, <70, 3.11
K, /30 Re, > 70,
Re. = Uke/V: ang 3.12

3.13

S

25D,, forD,, > 0.6 mm,
5D,, forD,, <0.6mm

Live-Bed Scour Peak Velocity, V), [van Rijn, (1993)]
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V) is the larger of:
V, =0.8,/gy, or

V, =29.31 u., log,, (4y,/Dy, ).

where Dy is the sediment grain size exceeded by 10% (by weight) of a sediment sample.

That is:

v Wiz v
R AVATAVAPIAVA &

Figure 3-5 is a plot of predicted (Equations 3.4-3.6) versus measured scour depths for
both clear-water and live-bed laboratory scour tests.
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Figure 3-5 Predicted versus Measured Scour Depth (Equations 3.4-3.6).

Over predictions for the live-bed tests are at least partially due to the reduction in scour

depths beyond the transition peak (shown in Figure 3-3) that is not accounted for in the
equations.
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An example application of the equations to a prototype structure is shown in Figure 3-6.
Normalized scour depth, ys/D" is plotted versus D*/Ds, for a range of flow velocities up
to the peak tidal velocity at the west channel pier on the existing Tacoma Narrows Bridge
in Tacoma, Washington. This pier is 64.5 ft wide, 117.5 ft long, is skewed to the flow
approximately 18 degrees, and is located in a water depth of 111 ft. The pier experiences
near 100-year design tidal (reversing) flow conditions twice per month during spring
tides. The spring tidal velocity is 8.2 ft/s and the effective diameter of the pier is 86.3 ft.
This pier, built approximately 64 years ago, is located in sediment with a median
diameter of 0.18 mm. The bed material does, however, contain sediment particles larger

than the sediment core apparatus (with some sediment diameters exceeding 150 mm).

Therefore, the correct sediment diameter standard deviation (0 = ,/D84/D16) is not

available. The predicted scour depth (from Equations 3.4-3.6) is 56.7 ft and the measured
depth was 36 ft. The reason for the larger than normal over prediction most likely results
from armoring of the bed by the larger sediment particles as the scour progressed. The
spring tidal velocities lie within the live-bed scour regime for the 0.18 mm sediment, but
clear-water scour conditions exist at this site due to natural armoring of the channel bed
by the larger sediment particles. Extensive video images of the bed in the vicinity of the
bridge provide evidence that clear water scour conditions exist at the site. Under clear-
water conditions the measured scour depth should be the equilibrium depth at the peak
spring tidal velocity. For comparison purposes the predicted scour depth for these
conditions using the CSU equation [Richardson, E.V. and Davis, S.R. (2001)] is 80.7 ft.

This value is also shown in Figure 3-6.

3-12



2.5

2.0 Sheppard Equation
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Figure 3-6  Scour Depth Prediction using Measured Peak Tidal Flows at the West
Channel Pier on the Existing Tacoma Narrows Bridge in Tacoma,
Washington.
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CHAPTER 4 SCOUR AT PIERS WITH COMPLEX GEOMETRIES

4.1.Introduction

Most large bridge piers are complex in shape and consist of several clearly definable
components. While these shapes are sensible and cost effective from a structural
standpoint, they can present a challenge for those responsible for estimating design scour
depths at these structures. This chapter presents a methodology for estimating scour
depths at a class of structures composed of up to three components. The data used in the
development of this methodology were obtained by J. Sterling Jones at FHWA, D. Max
Sheppard at the University of Florida, and Steven Coleman at the University of Auckland

through numerous laboratory experiments.
4.2. Methodology for Estimating Local Scour Depths at Complex Piers

This section presents a methodology for estimating equilibrium local scour depths at
bridge piers with complex pier geometries, located in cohesionless sediment and
subjected to steady flow conditions. These methods apply to structures composed of up
to three components as shown in Figure 4-1. In this document, these components are

referred to as the 1) column, 2) pile cap and 3) pile group.

Most published data and information on local scour is for single circular piles. Likewise,
the most accurate predictive equations for equilibrium scour depth are for single circular
piles. It seems reasonable then that predictive methods for local scour at more complex
structures would build upon and take advantage of this knowledge and understanding.
The methods presented in this chapter are based on the assumption that a complex pier
can be represented (for the purposes of scour depth estimation) by a single circular (water
surface penetrating) pile with an “effective diameter” denoted by D". The magnitude of
D" is such that the scour depth at a circular pile with this diameter is the same as the
scour depth at the complex pier for the same sediment and flow conditions. The problem
of computing equilibrium scour depth at the complex pier is therefore reduced to one of
determining the value of D" for that pier and applying the single pile equations presented

in Chapter 3 to this pile for the sediment and flow conditions of interest.
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Column

Pile Cap

Pile Group

Sediment
Flow

Figure 4-1 Complex pier configuration considered in this analysis. The pile cap can be
located above the water, in the water column or below the bed.

The methodology is based on the following assumptions:

1. The structure can be divided into up to three components as shown in Figure
4-2.
2. For scour computation purposes, each component can be replaced by a single,

surface penetrating, circular pile with an effective diameter (D) that depends
on the shape, size and location of the component and its orientation relative to
the flow as shown in Figure 4-3. For partially or fully buried pile caps the

effective diameter also depends on the flow and sediment conditions.

3. The total D" for the structure can be approximated by the sum of the effective

diameters of the components making up the structure (Figure 4-4). That is,
D'=D,+ D;C + D;g ,
where

D" = effective diameter of the complex pier,
D., = effective diameter of the column,

D,. = effective diameter of the pile cap,

D,, = effective diameter of the pile group.
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Complex Pier o

Pile Cap

+ Pile group

[T il

Figure 4-2 Schematic drawing of a complex pier showing the 3 components, column,
pile cap and pile group.

The effective diameter for each component is a function of its shape, size and location
relative to the bed and water surface. The mathematical relationships for these effective
diameters have been established empirically with data from experiments performed by J.
Sterling Jones at the FHWA Turner Fairbanks Laboratory in McLean, Virginia, by D.
Max Sheppard in flumes at the University of Florida, the Conte USGS-BRD Research
Center Hydraulics Laboratory in Turners Falls, Massachusetts and in the Hydraulics
Laboratory at the University of Auckland in Auckland, New Zealand and by Steven

Coleman at the University of Auckland.

This methodology is for estimating local scour only. General scour,

aggradation/degradation, contraction scour, and bed form heights must be established
prior to applying this procedure. The information needed to compute local scour depths

at complex piers is summarized below:
1.  General scour, aggradation/degradation, contraction scour, and bed form heights.

2.  External dimensions of all components making up the pier including their vertical
positions relative to the pre-local scoured bed.

3. Sediment properties (mass density, median grain diameter and grain diameter
distribution).

4.  Water depth and temperature and depth-averaged flow velocity just upstream of

the structure.



PileCap — -

Pile Group — -

Figure 4-3 Definition sketches for the effective diameters of the complex pier
components, column (D, ), pile cap (D,,) and pile group (D,).
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Complex Pier D'=D",+D +D°

— bml ——
— D* g —

—-—b—-—

pc —

T o .

Figure 4-4  Definition sketch for total effective diameter for a complex pier.

For situations where the shape of the structure exposed to the flow changes as local scour
progresses (such as complex piers with buried or partially buried pile caps), equilibrium
scour depth prediction is more involved. For these cases, the scour depth computation
scheme must involve iterative computations and the effective diameter will depend on the
flow and sediment conditions as well as the structure parameters. For this reason, the

scour computation procedure is divided into three cases,

Case 1 for situations where the structure shape exposed to the flow does not change
as local scour progresses (pile cap initially above the bed),

Case 2 for partially buried pile caps, and
Case 3  for completely buried pile caps.

Recall that all components of stream bed scour (i.e. general scour,
aggradation/degradation, contraction and bed form height) must be computed and the bed

elevation adjusted prior to computing local scour.

Case 1 Case 2 Case 3
Pile Cap Partially Buried Buried
Above the Bed Pile Cap Pile Cap

T

Figure 4-5 Examples of Case 1, Case 2 and Case 3 Complex Piers.
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4.2.1. Complex Pier Local Scour Depth Prediction - Case 1 Piers (Pile
Cap above the Bed)

The procedure for computing the effective diameter for Case 1 complex piers is described
in this section. The procedure begins with the computation of the effective diameter of
the uppermost component exposed to the flow and proceeds to the lowest component.
The complex pier may be composed of any combination of the three components shown
in Figure 4-2. The notation used in this analysis is shown in the definition sketch in
Figure 4-6.

] f -—
B bcul R 2
«—b —] '
- FT Hcol o ‘
O | A o e
Y ]
f1
—| S |-— Flow

n = number of piles normal to the flow = 3
m = number of piles parallel with the flow = 7

Figure 4-6  Nomenclature definition sketch.

4.2.1.1. Effective Diameter of the Column

The procedure for computing the effective diameter of the column is presented in steps
A-F below.

A. Calculate yomax) for the column. Equilibrium scour depth for a given structure
depends on the water depth up to a certain depth. This limiting depth, denoted by

Yomax) » depends on the structure size and its location relative to the bed and can be

estimated using Equation 4.2.



B 5b,, fory, > 5b,, 43
Yomag = Y, fory, < 5b,, '

Compare the column’s base height, Heol, 10 Yomax). 1T Heor IS greater than yomax),
set D¢ = 0 and proceed to the computation of the effective diameter of the pile

cap, D,. The column will not influence the overall structure’s effective diameter

unless the base of the column lies below Yomax. That is:

" {Hm. > Yomax: Dot = Yson = 0s Proceed to Section 4.2.1.2 i3

H ol < Yomax» Proceed to step C.

Compute the column shape coefficient using Equation 4.4

1 for circular columns

4.4

V4
0

0.86+0.97

4
T
- Z‘ for rectangular columns

a
1

where a is the flow skew angle (angle between the column axis and the flow

direction, see Figure 4-6). Equation 4.4 is valid for 0° <a <90°.
Compute the column skew factor using Equation 4.5

o1 COS (@) + 1 sin(a)

K:b

a

4.5

col

Using Equation 4.6, compute the weighted average value of the pile cap extension
beyond the column, f. The value of f is a function of the front (f;) and side (f,)
overhangs shown in Figure 4-6. The non-dimensional ratio of /b, is then used
to compute the pile cap extension coefficient, K¢ (Equation 4.7 or Figure 4-7). K;
attenuates the column effective diameter as the ratio of f/bco increases. The
column contribution to the scour hole is reduced to zero for values of

f/b, > 3.



3f,+f,

for a < 45°
F=13¢ tf 46
T2 1 fora>45°
4
£ f f
-012| — | +003|— | +1 forO<| —|<3
bcol bcol bcol
K= 4.7
0 for (L] >3
bcol
1
0.8 -
0.6
X
0.4
0.2
0 I I
0 1 2 3
1:/bcol

Figure 4-7 Graph of K¢ versus f/beo for the column.

F.  Once the coefficients K, K,, and Ky are known, the effective diameter of the

column can be computed using Equation 4.8 or Figure 4-8.

2
Ks Ka Ky be | 0.1162 (Lj -0.3617 [L] +0.2476 | for 0o <1
Yo (max) Yo (max) Yo(max) 48

*

Dcol =
Hcol

yO (max)

0 for >1
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0.30
0.25 -
0.20 -
0.15 -
0.10 -
0.05 -

0-00 T T T T 1
0 0.2 0.4 0.6 0.8 1

|_lcoll yo(max)

I:)*coll bcol

Figure 4-8 Graph of effective diameter of the column versus Heol/Yo(max)-
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4.2.1.2. Effective Diameter of Pile Cap

The pile cap’s potential for producing scour (and thus the value of D;C) increases as its

position approaches the bed from above. Its greatest potential occurs at the start of the

scour (i.e., the pile cap is closest to the bed at the start of the scour); therefore, the bed is

not lowered by the column scour depth when computing D;C. The procedure for

*

computing D,

is presented in Steps A through E below.

A. Compute pile cap shape coefficient, K, using Equation 4.9.

1 for circular pile caps
= 4 4.9
s v VA . :
0.86 + 0.97‘051 == Z‘ for rectangular pile caps
B. Compute the pile cap skew angle coefficient, K., using Equation 4.10.
- b, cos(a)+1, sin(x) 410
pc
where a is the angle between the column axis and the flow direction. Equation
4.10 is valid for 0° <« <90°.
C. Compute yomax) for the pile cap using Equation 4.11.
5\7 5\7
1.64(T(Ksbpc)2j Y 21.64[T(Ksbpc)zj
yO(max) = 411
57
Yo Yo < 1.64(T(Ksbpc)2)
D. Determine if the pile cap contributes to the complex pier total effective diameter.
412

i Hoe > Yomay, Dpe=0, proceed to Section 4.2.1.3
otherwise proceed to Step E
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E. Compute the effective diameter of the pile cap, D, , using Equation 4.13 and

noting that —1<Hy. / Yomag <1 and 0< T/ Yomay <1.

Figure 4-9

1

. P T )2
Dy = KiK, bycexp| -1.04 - 1.77 exp| —— | + 1.695

yO (max) yO (max)

T/yo(max)=0 . 8

T/yo(max)zo.s

T/yo(max):0 . 3

T/yo(max)zo.\
T/yo(max)zo. 1

-1 -0.8 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1

Hpc/yo(max)

Graph of normalized pile cap effective diameter.

4.2.1.3. Effective Diameter of the Pile Group

The scour potential of the pile group (and thus the magnitude of D:»g) increases with

increasing exposure of the group to the flow. The pile group’s greatest exposure to the
flow occurs after the bed is scoured by the column and pile cap. For this reason the bed
is lowered by the scour depth produced by the column and pile cap prior to

4-11
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computing D’;g. To compute the scour depth produced by the column and pile cap an

effective diameter for the combination is obtained by summing their individual effective

diameters:
D?col+pc) = DZO| + D;c 4.14

The scour depth produced by the combination, Y., » Can be computed using

Equations 3.4-3.15. This depth is then added to both H,g and y, as shown in Equation
4.15 and 4.16.

Hog = Hpg + Yscol+po) 4.15

VO =VYo T ¥Ysol+po) 4,16

The pile group differs from the column and pile cap in that it is composed of several piles
and the arrangement of these piles can have a different shape from that of the individual
piles. For example, there can be a rectangular array of circular piles. As the spacing
between the piles becomes small the group takes on the shape of the array rather than that
of the individual piles. Likewise, as the spacing becomes large it is the shape of the
individual pile that is important. The shape factor for the pile group, K, takes this into

consideration. The procedure for computing the effective diameter for the pile

*

pg’

group, D__, is described in Steps A through | below.

A. Calculate the scour produced by the combination of the column and pile cap

effective diameter, y, .., USing Equation 4.14 to compute Die.pg and using

Equations 3.4-3.15 to compute the scour depth.
B. Calculate the H,, and ¥, using Equation 4.15 and 4.16.

C. Calculate the shape factor for the pile group using Equations 4.17 and 4.18.

K 4.17

s(pile) — MNs(pile group))

K = Ks (pile) — Ks(pile group) (Ej +K ; _E(K
s 9 b s(pile) 9
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where,

1 for circular piles or pile group arrays
4
K ot or pite group) =4 0.86 +0.97 alg" ——|  for square piles or rectangular pile 4.18
group arrays

D. Calculate the projected width of the pile group, W,, as illustrated in Figure 4-10.

The projected width of the pile group is the sum of the projections of the non-
overlapping widths of the individual piles in the first 2 rows and the first

column on a plane normal to the flow direction.

The projected width of the pile group, W is obtained

by summing the unobstructed projections of the piles

in the first two rows and the first columnonto a vertical
plane that is normal to the fiow. For the 3 & 4 pile group,
W =ux, +x, +x . Forthis pile group, n = 3 and m= 4

it = Flow skew angle

Figure 4-10 Diagram illustrating the projected width of a pile group, W,.

E.  Calculate the pile spacing coefficient, Ksp, using Equation 4.19. When the spacing

between piles varies (s, #5S,,), use the smallest centerline spacing for s in

Equation 4.19.
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sp

Wpi] 1
-—— || 1- 4.19
[ W, [ S Jo'e

Compute Ky, for the pile group using Equation 4.20. K., accounts for the number
of piles inline with the flow for small skew angles. If the skew angle is greater
then 5 degrees Km =1.

0.045(m) +0.96 |a|<5°,and m<5
Km=11.19 lo|<5°,and m>5 4.20
1 || >5°

Compute Yoma Using Equation 4.21.

_ Yo fory, <2K; W, K, Ky,
yO(maX) - _ 421
2K, W, K, Ki fory, > 2K, W, K, K,
Compute K, using Equation 4.22. Note that the maximum value of Hyg/Yo(max) IS
1. If the calculated ratio is greater than 1, then set it equal to 1 in Equation 4.22.
1.5tanh| 0.8 /_Hi forOs_H¢£1
yO (max) yO (max)
— F'F’g
Ky,=+<0 for —2-<0 4.22
yO(max)
1 for _H¢ >1
yO(max)
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0.8 -
_ 06"
0.4 -
0.2 -

O T !
0 0.5 1

Hpglywmw)

Figure 4-11 Graph of Ky versus Hyg/Yomax)-

I.  Compute D using Equation 4.23.

D;, = K, K, K, KW, 4.23
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4.2.1.4. Equilibrium Local Scour Depth at a Case 1 Complex Pier

Once the effective diameters for the complex pier components have been computed the

overall effective diameter, D", can be computed using Equation 4.24.

*

D = D, +D, +D, 4.24

col

The equilibrium local scour depth prediction for the complex pier is then computed by
substituting D™ from Equation 4.24 and the flow and sediment parameters of interest into
Equations 3.4 — 3.6.

4.2.15. Case 1 Example Problem

This section presents an example calculation for a typical complex pier as illustrated in
Figure 4-12. The flow and sediment variables used for the calculations are listed in Table
4-1.

A 3 ft
-
0 o o
6 ft
— | 3ft | —-— e e
‘ O O O
O | O
4ﬂ: - 15 ft | 131t
O O O
24 ft 18 ft
5ftI m| 0 m
O O O
—_— | |——
1 ft
O O O Y
| L | 1 )
Sediment [l g O 3ft
Y ]
Elevation View A =150
|
FIOW|
Plan View

Figure 4-12 Elevation and plan view of the complex pier used in the Case 1 example
scour calculation.
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Table 4-1  Flow and sediment inputs for the example calculation.

Skew | Velocity | Critical | Live Bed Peak | Water | Temp | Salinity | Dsg
Angle Velocity Velocity Depth
Degrees | (ft/s) (t/s) (ft/s) (ft) (F%) (ppt) | (mm)
15 11.0 1.16 16.36 13 65 35 0.20
A. Calculate yomax) for the column.

IRl fory, >5b,,
Yogran = Y, fory, <5b,,

5b,, =5(3ft)=15ft andy,=13ft
Sincey, <50, Yomay =Y, =13 ft

Compare the column’s base height, Hcol, t0 Yomax). If Heol < Yomax) cOntinue on to

step C.

HCO| = gft, yo(max) :13ﬂ
Since Hey < Yomaxy SO CONtinue on to step C

Compute the shape factor for the square column, K.

4
T T

=0.93

K, = O.86+0.97‘15° :

0

Compute the column skew coefficient, K.

< :3ftcos(15°)+l8ftsin(15°)

. =252
3ft

Calculate the pile cap extension coefficient, K.

fora < 45°

¢ 3,
4

3(3ft)+(6ft)

f= =3.75ft
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2
K, = -012 [ 338T) L 0033381} | 1085
3t 3t

F.  Compute the column effective diameter, D .

2
* HCO HCO
D.,, =K.,K Kb, |0.116 2[ : ] -0.3617£ : ]+0.2476
Yo (max) Yo (max)

2
D.,, =(0.93)(2.52)(0.85)(3ft)| 0.1162| 21 | ~0.3617| 2™ |1 0.0476 | = 032t
131t 13 ft
Next, the pile cap effective diameter is calculated below following Steps A-E in Section

4.2.1.2.

A. Compute the shape factor for the square pile cap, K.

4
K, =0.86+0.9715° —— —Z| =0.93
180° 4

B. Compute the column skew coefficient, K.

< _ 15 ftcos (15°)+ 24 ftsin (15°)

) =1.38
15ft
C. Compute Yomax) for the pile cap..

2 2
5Y\7 5\7

1.64(T(Ksbpc)2J Y, 21.64(T(Ksbpc)2]

yO(max) = 2

5Y\7

Y, Y, <1.64{T(Ksbpc)zj
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y, =13ft,

5
1.64[4ft(0.93*15ft)2j7 ~16.01ft

Therefore,
yO(max) = yo = 13 ft

D. Determine if Hpc < Yo(max)-
Since Hyce < Yomax), continue to Step E.

E. Compute the pile cap effective diameter, D*pc.

. H,.
D,. =K,K,b, exp|-1.04 -1.77 exp[

+1. 695
yO(max)

yO (max)

4 ft
0.93)(1.38)(15ft -1.04 -1.77 +1695
- (093)(1.38) 15 ft)erp e | + 169 1

D;, =1.29 ft

Finally, the effective diameter for the pile group, D*pg, is calculated below following
Steps A-1 in Section 4.2.1.3.

A. Calculate the scour created by the combination of the column and pile cap. This is
accomplished by first adding the two effective diameters and then calculating the
scour with the computed effective diameter.

*

D =D, +D .=0.33ft+1.29ft=1.62 ft

(col+pc) col
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L =tanh

*

(col+pc)

*

=

(col+pc)

VIV, -1
V, 1V, -1

A

2.5

_[

11E/1.16E—1

S S

16.36E/1.16E—1
S S

*

}
D(col+pc) / D50
* 1.2 * -0.13
0.4(Diggy.pey / Dsy) ~ +10.6( Dty / Dy )

|

Yo

i

V, IV, ~VIV,
V, 1V, -1

2.2 +

Yo ot (13ft ]0'4 s 1,62 ft/6.56 x 10 ft
1.62ft 1.62 ft 0.4(1.62t/6.56 x 10°* ft)l'2 +10.6(1.62t/6.56 x 10°* ft)’o'13
1636 /116 _11M /116
S S S S
1636 /116 1
S S

Ys(col+pc) = 2.98 ft

B.

70 = yo+ ys(col+pc)

C.

Calculate the H,, and Y, using Equation 4.15 and 4.16.

o= Hog* Vi orspy = 5Tt+2.98ft=7.981ft
= 13ft+2.98ft =15.98 ft

Compute the shape factor for the pile group, K. Ks accounts for the shape of the

pile group and the shape of the individual piles.

K

S

K. =

K S 10

(pile) —

K

S

b

s(pile group) ( ]_l_ K (o) _
s(pile

(Ks(pile) — MNs(pile group)) ’

9 9
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1 for circular piles or pile group arrays

K Vs

00

s(pile or pile group) =

0.86+0.97 |«

4
—%‘ for square piles or pile group arrays

Since both the individual piles and pile group are both square, the shape factor
will be the same for both.

4
Koy = 0.86+O.97‘15° 22 =0.93
o 180° 4
4
_ o T 1
K ypiegroun) = 0.86+O.97‘15 o571 =093
K, =228-098101 1, §95-100.93-0.93)=0.03
o |2ft 9

D. Calculate the projected width of the pile group.

L ﬁ].zzﬁ
o Qin

0 3t
‘Cl W_=1066 ft
= ¢ e
. ) s=3 ft
n

6.66ft | |2 ft] (2

jFIc:w
Jo=15

Figure 4-13 The Projected Width of the Pile Group

E.  Calculate the pile spacing coefficient, Ksp.
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1.22 ft

W
Ksp: _ﬂ(l_ plj 1- : 0.6 :1_ﬂ[l_ 1l22ftj 1- L 06 =0.51
3 Wp ( S J 3 10.66 ft ( 3ft J

F.  Calculate Ky, coefficient that accounts for the number of piles in line with the

flow.

0.045(m) +0.96 || <5°,and m<5
K, =1119 la|<5°,and m > 5
1 |a|>5°

a =15°, therefore K, =1

G. Compute Y, for the pile group.

_ Y fory, <2K, W, K, K,
Yoy = {2 K, W, K, K, fory, > 2K, W, K, Km}
2K, W, K, K, =2(0.93)(10.66 ft)(0.51)(1) =10.11t

y, =15.98 t,

therefore,

Vognmg =10.11ft

H. Compute the submerged pile group coefficient, K.

K,=1.5tanh| 0.8 8t =0.92
10.11ft

|.  Compute the pile group effective diameter, D"y,
D, =K, K,K, KW, =(0.51)(0.92)(1)(0.93)(10.66 ft) = 4.65 ft

The effective diameter of the complex pier is the sum of each component effective

diameter.
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D*
D*

*

= Dcol
=0.32ft +1.29ft + 4.65ft = 6.26 ft

+ Dpc + ng

The total scour for the complex pier is computed using the flow conditions listed in Table

4-1 and an effective diameter of 6.26 ft in Equations 3.4 through 3.6.

2.2

Ys

— 2.5
6.26 ft

0.4
6.26 ft

11E/1.16E—1
S S

+
16.36E/1.16E—1

S S

6.26 ft/6.56 x 107 ft

0.4(6.26 ft/6.56 x 10 ft)l'z +1o.6(6.26 ft/6.56 x 10™* ft)

16.36E/1.16E—11E/1.16E
s s S S
16.36E/1.16f—t—1
S S

The resulting local scour depth for the complex pier is 9.69 ft.

4.2.2. Complex Pier Local Scour Depth Prediction - Case 2 Piers
(Partially Buried Pile Cap)

The methodology for computing local scour depth at a complex pier with a partially

buried pile cap, as shown in Figure 4-5, is described in this section. Because the shape of

the structure exposed to the flow changes as the local scour progresses, an iterative

scheme must be used to determine the effective diameter of the structure. For this case

the effective diameter will also depend on the flow and sediment parameters.

4.2.2.1. Effective Diameter of the Column

The procedure for calculating the effective diameter of the column is described in this

section. Since the bottom of the column is above the bed for Case 2 piers the procedure

for computing D, is the same as for Case 1 piers. However, for completeness, the

procedure is repeated below.
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Calculate yo(max) for the column. Equilibrium scour depth for a given structure
depends on the water depth up to a certain depth. This limiting depth, denoted by

Yomaxyy depends on the structure size and its location relative to the bed and can be

estimated using Equation 4.25.

5b,, fory, >5b,,
yO(max) = 425
yo fOf yo < 5 bcol

Compare the column’s base height, Hcol, t0 Yomax). If Heol IS greater than yomax),

set D" = 0 and proceed to the computation of the pile cap effective diameter,

D,.. The column will not influence the overall structure’s effective diameter

unless the base of the column lies below yomax). That is:

it {Hcol >Yomans Peol = Yseon = 05 Proceed to Section 4.2.2.2} 426

Heor < Yomaxs Proceed to Step C.

Compute the column’s shape factor, K, with Equation 4.27

1 for circular columns

T
00

4
0.86+0.97 |« 80 %‘ for rectangular columns

where « is the flow skew angle between the axis of the column and the flow

direction. Equation 4.27 is valid for 0° < a <90°.
Compute the column’s skew factor, K., with Equation 4.28.

o1 €O () + gy sin(x)

K:b

a

bcol 428

Compute the weighted average value of the pile cap extension (or overhang), f,
using f; and f; as inputs into Equation 4.29 (see Figure 4-6). The non-

dimensional ratio of f/bg is then used in Equation 4.30 to calculate the pile cap
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extension factor, Ks. Kj attenuates the column’s effective diameter as the ratio of
f/bcor increases. The column’s contribution to the scour hole is reduced to zero for

values of f/beg > 3.

3fi+1,

for a < 45°
=4 4
3f2;r f for o > 45°

2
-0.12(f]+0.03(fj+1 for0< f <3
— col col col

f
bcol

0 for >3

F.  Once the coefficients K;, K, and K are known D_, can be computed using

Equation 4.31.

Yo (max) Yo (me) Yo (max)

*

2
Ks K, Kt be [0.1162 (LJ -0.3617 (L] + 0.2476] for 0< Hear <1
Dcol =

Hcol
yO (max)

0 for >1

4.2.2.2. Effective Diameter of the Pile Cap

*

The procedure for calculating the effective diameter for a pile cap, D, , is presented

below in steps A through L. This procedure is applied to pile caps that are partially

buried relative to the pre-locally scoured bed (-T <H, < 0). The procedure for

computing D’;C for Case 2 piers is different from that used for Case 1 piers. For Case 2

piers iterative calculations can be necessary since the shape and size of the structure
exposed to the flow can change as the local scour progresses. The pile cap thickness,
denoted by T', is considered to be the distance from the top of the pile cap to the bottom
of the scour hole during each iteration until either the scour depth reaches an equilibrium

value or the bottom of the pile cap is uncovered. Likewise the height of the pile cap,
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denoted by H_, is considered to be the distance from the pre-locally scoured bed to the

bottom of the scour hole until an equilibrium scour is reached or the pile cap is

uncovered. Figure 4-14 is a definition sketch for T" and H_ . Another unique feature of

D;C for this case is that its magnitude depends on all of the structure, sediment and flow

parameters that affect the scour depth. Therefore, the effective diameter obtained in the
following analysis is, in general, only valid for the flow and sediment conditions used in

the analysis.

) 1
Actual T and Hpc definition

i+ i £ !

Ve T A

N B . f
I I

'_
LH =y

«eo Since there is scour contribution from the column.

!
2. T is the exposed thickness of the pile cap

Figure 4-14 Definition sketch for T' and H_ .

The procedure for computing D’;c is presented in Steps A—N below.

A.  Compute the scour depth produced by the column, y, ., , using Equations 3.4 -

*

3.15 with D" replaced by D, from Equation 4.31. Note that the water depth, o,

col

in Equations 3.4 - 3.15 is the actual water depth just upstream of the structure.

B. Calculate the pile cap’s shape factor, K using Equation 4.32.
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1 for circular pile caps

S = 72' 72' 4 . 4.32
0.86 +0.97 a0 —— - " for rectangular pile caps
Calculate the pile cap’s skew angle coefficient, K., using Equation 4.33.
o b,.cos(a)+1.sin(a) 433
pc
where a is the flow’s skew angle (angle between the column axis and the flow
direction).
Check to see if the scour depth due to the column, Y., uncovers the bottom of
the pile cap.
i Vs =|Hye|, pile cap bottom uncovered, proceed to Step E 434
Yseay <|Hge|, proceed to Step F '
Compute Yomay and D:,c using Equations 4.35 and 4.36.
2 2
5Y\7 5\7
1.64(T(Ksbpc)2j Yo = 1.64(T(Ksbpc)2]
Yomax) = ) and 4.35
N
Vo Yo < 1.64(T(Ksbpc)2j7
1
. Hpe T |2
Dy =K K, b, exp|-1.04 -1.77 exp| —— | + 1.695 : 4.36
Yo(max) Yo(max)

Note that —1<H. / Yomag <1 and 0 < T/ Yogmay <1.

Proceed to Section 4.2.2.3
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Compute T" and H. using Equations 4.37 and 4.38 (see definition sketch in
Figure 4-14).

H;)c = _ys(col) 4.37
T =T+H, —H, 4.38

Note that T and T are always positive. H  and Hy. are always negative for

partially buried pile caps.

Calculate Yomax iy for the pile cap using Equation 4.39. The subscript “i” refers to

the number of iterations (e.g. i = 1 for the first iteration, 2 for the second, etc.).

5\7 5317
1.64(T'(Ksbpc)2j Y 21.64(T'(Ksbpc)2j
Yomaxyiy = 4.39

Yo Yo <1.64[T’(Ksbpc)z]7

Compute the pile cap’s effective diameter using Equation 4.40. Note that

1< Hpe / Yomagy <1 and 0 < T/ Yomagiy <1 in equation 4.40.

1

! ] E
Doy = Ko K, bycexp| -1.04 - 1.77 exp (LJ + 1.695[ T ) 4.40

Yo(max)(i) Yomax(i)

Compute the effective diameter of the column and the portion of the pile cap

above the bed.

* *

(col +pe)(i) — Do 441

D +D

pe()

Compute the scour depth due to the column and the portion of the pile cap above

the bed, Y,

s(col+pc) (i) ?

*

(col + pey) FTOM

using Equations 3.4 - 3.15 with D" replaced by D
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Equation 4.41. Note that Y (instead of ys) is used for scour depth in the iterative

calculations.

Compute Hj. and T'using Equations 4.42 and 4.43.

, Hpc Ys(col+pc)(i) 2 ‘Hpc‘
Hpc = 4.42

- Ys(col+pc)(i) Ys(col+pC)(i) < ‘HPC‘

- T Ys(col+pc)(i) 2 ‘Hpc‘

T = 4.43
T+ Hpc - H;)c Ys(col+pc)(i) < ‘Hpc‘

Check for convergence using Equation 4.44.

If i=1, proceed to Step G above using the values for
T’ and Hj,. computed in Step K above.

Ifi>1
4.44

Ys(col+pc)(i) — Ts(col+pc)(i-1) |

1) Compute A =

Ys(col+pc)(i -1) ‘

2) A < 0.05 proceed to Step M below
A > 0.05 proceed to Step G above

Pile Cap Summary

Dy = Duy
D(col+pc) = D(C0|+DC)(i) 4.45

ys(col+pc) = Ys(col+pc)(i)

Determine if pile group is exposed.

Ys(eoltpe) < ‘Hpg‘, D;g= 0, proceed t0 4.2.2.4 L6

If
Yseobipe) > ‘Hpg‘, pile group exposed, proceed to 4.2.2.3
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4.2.2.3. Effective Diameter of the Pile Group

For the case of a partially or fully buried pile cap the pile group is initially buried. If the
scour produced by the pile cap and column is sufficient to uncover the top of the piles
then the pile group will contribute to the total effective diameter of the pier. Since the
only information available for local scour at pile groups is for situations where the piles
protrude above the pre-locally scoured bed (i.e. there is no data for scour produced by
piles exposed to the flow in a scour hole) the reference or datum from which the height of
the pile group is measured must be changed as shown in Figure 4-16. The datum is no
longer the pre-locally scoured bed, but rather the bottom of the scour hole produced by
the column and pile cap. Likewise, the water depth is increased by the scour depth

produced by the column and pile cap for purposes of computing effective diameter of the

pile group, D;g. The pile group also differs from the column and the pile cap in that it is

composed of several piles and the arrangement of these piles can have a different shape
from that of the individual piles. For example, there can be a rectangular array of circular
piles. As the piles become closer together the group takes on the shape of the array rather
than that of the individual piles. Likewise, as the spacing becomes large, it is the shape
of the individual pile that is important. The shape factor, K, takes this into

consideration. The procedure for computing the effective diameter for the pile

group, D;g, is described in Steps A through H below.

Vs H

2]

' i . Scour caused by the
H yswuHcap) s
i column and pile cap

Figure 4-15 Definition sketch showing datum for pile group effective diameter, D’;g,
computations.
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A. Compute FIpg and y,based on the datum being at the bottom of the scour hole

(produced by the column and pile cap) instead of the pre-locally scoured bed.

Hpg = Hpg + y5(00|+DC) and

yo = yO + ys(col+pc)

4.47

Note that Hyq is negative and H , is positive.

B. Compute the shape factor for the pile group using Equations 4.48 and 4.49.

K. — Koo S 10
_ s (pile) s(pile group)
Ks - ° 9 P (Ej + Ks(pile) _E(Ks(pile) - Ks(pile group)) 4.48

where,

1 for circular piles or pile group arrays
4.49

Ks(pile or pile group) — T

0

4

0.86 + 0.97‘051 - %‘ for square piles or rectangular pile group arrays

C. Compute the projected width of the pile group, W,, as illustrated in Figure 4-10.
The projected width of the pile group is the sum of the non-overlapping widths of
the individual piles in the first 2 rows and first column on a plane normal to the

flow direction.

D. Compute the pile spacing coefficient, Ksp, using Equation 4.50. Note that when

the center line spacing is not uniform (s, #s,.), use the smallest value for the

centerline spacing, s, in Equation 4.50.

W
Kspzl—f[l—iJ -—1 |, 4.50

where wiy; is the projected width of an individual pile.
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E. Compute K, using Equation 4.51 which accounts for the number of piles in line
with the flow for skew angles less than 5°.

0.045(m) +0.96 for |a| <5°,and m<5
Kn=41.19 for |a|<5°,and m>5 4.51

1 for |a|>5°

F.  Compute Y., for the pile group using Equation 4.52.

_ Yo fory, <2K; W, K, Ky
Yomaxy = _ 452
2K, W, K, K, fory, > 2K, W, K, Ky,
G. Compute the pile group height coefficient, K}, using Equation 4.53. Note that if
the calculated value of H_, / V., is greater than 1 in Equation 4.53, set it equal
to 1.
1.5tanh| 0.8 /_Hﬁ forOs_H¢£1
y() (max) yO (max)
— F'Pg
Ky,=+0 for —2-<0 4.53
yO(max)
1 for _H¢ >1
yO(max)
H. Compute the effective diameter of the pile group using Equation 4.54.
D,, = K, K K, KW, 4.54

4.2.2.4. Complex Pier Effective Diameter

The effective diameter of the complete complex pier is the sum of the effective diameters
of its components. As stated above for situations where the pile cap is partially or fully
buried (Cases 2 and 3) the effective diameter is only valid for the flow and sediment

conditions used in its computation.
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D = DCOl + Dpc + ng

4.2.2.5. Equilibrium Local Scour Depth at a Case 2 Complex Pier

Once the effective diameter of the complex pier has been obtained, the equilibrium local
scour depth (for the conditions under which the effective diameter was determined) can
be computed using Equations 3.4 - 3.15.

4.2.2.6. Case 2 Example Problem

This section details an example calculation for a typical complex pier as illustrated in
Figure 4-16. The flow and sediment variables used for the calculations are listed in Table
4-2.

A 3 ft
S =
6 ft
———
[ O O O
= O O
— | 3ft |- 13 ft
O O O
24 ft 18 ft
O O O
4 ft : - 15ff ———»
T 0 0 0
[l [l O Y
Sediment [ [] O 3 ft
Y Y
Elevation View ' —o=15°
Flow |
Plan View
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Figure 4-16 Elevation and plan view of the complex pier used in the Case 2 example
scour calculation

Table 4-2  Flow and sediment inputs for the example calculation.

Skew | Velocity | Critical Live Bed Peak | Water | Temp | Salinity | Dsp
Angle Velocity Velocity Depth
Degrees | (ft/s) (ft/s) (ft/s) (ft) (F°) (ppt) | (mm)
15 6.0 1.60 16.36 13 65 35 0.80

Calculate the effective diameter of the column following Steps A — F in Section 4.4.2.1.

A. Calculate yomax) for the column.

~ 5b,, fory, > 5b,,
Yoweo = Y, fory, < 5h,,

5b,, =5(3ft)=15ft andy, =13ft
Since y, <5b.,, Yoma =Y, =131t

B. Compare the column’s base height, Hcor, t0 Yomax)- 1T Heol < Yomax) CONtinue on to
Step C.

Hcol = gft: Yo(max) =13ft
Since Hey < Yomax SO continue on to Step C

C. Compute the shape factor for the square column, K.

4
K, = 0.86+0.97/15° — —Z| =093
180° 4

D. Compute the column’s skew coefficient, K.

" :3ftcos(15°)+18ftsin(15°)

i =252
3ft

E. Calculate the pile cap’s extension coefficient, K.
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_ 3f+,

f fora < 45°

3(3ft)+ (6 ft)

f= =3.75ft

2
K, = -012 [ 3381 L 003 338M) | 1085
31t 31t

F.  Compute the column’s effective diameter.

2
. H H
Dcol = Ks Ka Kf bcol 0116 2( col \] - 03617 [ col J-I— 02476
Yo (max) Yo (max)

2
Dzol:(0.93)(2.52)(0.85)(3ft) 0.1162 21 -0.3617 27 +0.2476
131t 131t

D" = 1.16 ft.

Next, the pile cap’s effective diameter is calculated below following Steps A-E in Section
4.2.2.2.

A.  Compute the scour caused by the column, Yscon.

9| VIVe=1 ),
V,/V, -1
" D /D
{/S :tanh( A J x| 2.5 - e R
D (cal D (cal 0.4(Dyy/Dyy )~ +10.6(Diyy / Dyy)

V, IV, = VIV,
V, 1V, -1
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ys(col)

1167t

-

ft ft

16.36E/1.6E—6.0E/1.6E

S S S S

16.36E/1.6E—1

S S

Ys(col) = 2.23 ft

Compute the shape factor for the square pile cap, K.

4
K, = O.86+0.97‘15° : Z__Z21 -093
Compute the column’s skew coefficient, K.
15 ftcos(15°) + 24 ftsin(15°)
K = =1.38

“ 15ft

Determine if the column scour uncovers the bottom of the pile cap.

The column scour computed in step A, 2.23 ft, is enough to uncover the bottom

of the pile cap. Continue on to step E.

Compute yomax) and the pile cap effective diameter.

5\7 5\7

1.64(T(Ksbpc)2J Y, 21.64(T(Ksbpc)2j

yO(max) = 2
57

Y, Y, <1.64(T(Ksbpc )ZJ
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6.0 /16 -1
2.2 +
1636 /1.6™ -1
S S
13t j“]x . 1.161t/(2.63x10° ft)
116t | 0.4(L16%t/(263x10° 1t)) +10.6(L167t/(263%10° 1))




y, =13ft,

5
2

2
1.64[4ft(0.93*15ft) j7 ~16.01ft

Therefore, Y,y =Y, =13 ft

1

. H, T
D,. =K,K, b, exp|-1.04 - 1.77 exp| —=— | + 1.695 y
0(max)

0(max)

1

D,. = (0.93)(1.38)(15ft)exp| -1.04 - 1.77 exp —2ft +1.695 Afty
pe 13ft 13 ft

D’y = 3.81 ft
Continue on to calculate the pile group’s effective diameter, D .

Finally, compute the pile group’s effective diameter following Steps A-1 from
Section 4.2.2.3.

A. Calculate the scour created by the combination of the column and pile cap. This is
accomplished by first adding the two effective diameters and then calculating the

scour with the computed effective diameter.

*

D D, +D;, =1.16 ft +3.81ft = 4.97 ft

oo VIV.-1)
V, 1V, -1
0.4 .
ysicol+pc) :tanh { yo J x| 2.5 D(col+pc)/D50

; 0.4(Dj )/ Dso )~ +10.6(Djgrpey /Do)

(col+pc)
V, IV, = VIV,
V,/V, -1

(col+pc) =

(col+pc) (col+pc)

4-37



6.0':/ 1.61:—1
2.2 +
16,36 /1.6 -1
S S
Yo ootsoe) 131t )" 4.97 ft/2.63x 10° ft
———=tanh|| ——| |x|25 — =
4971t 4971t 0.4(4.97 ft/2.63x 107 ft) ~ +10.6(4.97 ft / 2.63 x 10°ft)

16.36E/1.6E—6.0E/1.6E
s S s s

16.36E/1.6E—1

S S

Ys(col+pc) = 7.26 ft

B. Calculate the H,, and ¥, using Equation 4.15 and 4.16.

Ho = Hoot Yogorspg = -2ft+7.26ft=5.26ft

Py

Vo = Yot Yeolspy = 13ft+7.26 ft = 20.26 ft

C. Compute the shape factor for the pile group, Ks. Ksaccounts for the shape of the

pile group and the shape of the individual piles.

K oite) = Ksoi S 10
_ s (pile) s(pile group)
Ks - E 9 e (EJ + Ks(pile) _E(Ks(pile) - Ks(pile group)) '
1 for circular piles or pile group arrays
Ks(pile or pile group) = T ¢ . .
0.86+0.97 al Y for square piles or pile group arrays

Since both the individual piles and pile group are both square, the shape factor

will be the same for both.
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4
Kpie) = 0.86+0.97‘15° Z__Z21 093
1 (0]
T T ¢
Ks(pilegrOUP) = 086+097‘150 180° —-—| =093
K, = 093-093(6M) 493 10(093-0.93)=0.93
9 (2ft 9

D. Calculate the projected width of the pile group.

U ﬂ].!!ﬁ

o Qi
. 36
1| W =10.66ft
w =1.22ft
o © ey
D ':.Il- s=3 ft
(w
6.66ft | |2f] |2 f
jFlaw
Jo=15
Figure 4-17 The Projected Width of the Pile Group
E.  Calculate the pile spacing coefficient, Ksp.
W
3 A s ) 3 10.66 ft 3ft
WTi 1.22 ft
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F.  Calculate K, coefficient that accounts for the number of piles in line with the

flow.

0.045(m) +0.96 for |a|<5°,and m<5
K,=11.19 for |a|<5°,and m>5
1 for |a|>5°

a =15, therefore K, =1

G. Compute Y, ., forthe pile group.

3 {70 fory, <2K, W, K K_ }
y max = —

2K, W K K fory, >2K, W, K,, K,
2K, W, K, K,, =2(0.93)(10.66 ft)(0.51)(1) =10.11 ft
Y, =20.26 ft,

therefore, Yy, =10.11 ft

H. Compute the submerged pile group’s coefficient, K.

K,=1.5tanh| 0.8 529t =0.78
10.111t

I.  Compute the pile group’s effective diameter, D*pg.
D’;g =K, K K KW, = (0.51)(0.78)(1)(0.93)(10.66 ft) = 3.94 ft

The effective diameter of the complex pier is the sum of each component’s effective

diameter.

* *

D = Dcol
D" =1.16ft + 3.81ft + 3.94ft =8.91ft

+ Dpc + ng
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22{ VIV, -1 }
V,/V, -1
0.4 -
* ys ) tanh {{ ( yo ] } *|20 D(CfI;pHpQ) / DSO -0.13
D (colpe-pg) D (colpe-pg) 0.4(Dcaruperg / Dso) ~ +10.6(Diegrrperngy ! Do)

V, IV, -1

2.2

ft
s

ft
s

6.0—-/16—-1

+

ft

ft

(v,p/vc—V/ch

16.36—/1.6—-1
S S

y 13t )" 8.91ft/2.63 x 10 ft
—=—=tanh|| ——| |[x|25 = -5
8.91ft 8.911t o.4(8.91ft/ 2.63x10° ft) +1o.6(8.91ft/ 2.63x10° ft)
1636 /16 _goMt/16M
S S S S
1636 /1.6™ 1
S S

ys = 11.12 ft

The total scour for the complex pier is computed using the flow conditions listed in Table
4-2 and an effective diameter of 8.91 ft in equation 3.4 to 3.15.

The resulting local scour depth for the complex pier is 11.12 ft.
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4.2.3. Complex Pier Local Scour Depth Prediction - Case 3 Piers (Fully
Buried Pile Cap)

The methodology for computing local scour depth for a complex pier with a fully buried
pile cap, as shown in Figure 4-5, is described in this section. As in the partially buried
pile cap case (Case 2) the shape of the structure exposed to the flow can change as the
local scour progresses so an iterative scheme must be used to determine the effective

diameter of the structure.

The effective diameter of each pier component is computed for the sediment and flow
conditions of interest. The sum of the effective diameters of its components is the
effective diameter of the complete structure.

4.2.3.1. Effective Diameter of the Column

The procedure for computing the effective diameter for the column is presented in Steps
A-J below.

A. Calculate the column’s shape factor, Ks, using Equation 4.56

1 for circular columns
4

T
00

0.86+0.97

a 1 for rectangular columns

where a is the flow’s skew angle between the column and the flow direction.

Equation 4.56 is valid for 0° < <90°.
B. Calculate the column’s skew angle coefficient, K,, using Equation 4.57.

_ by, cos(a)+lysin(a)

K

o

col

C. Compute the effective diameter of the column using Equation 4.58. This value

corresponds to an infinitely deep column.
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*

D KK, b 4.58

col(max) — " s ' “a “col

Compute the maximum scour depth for the column, Y, fOr the sediment and

*

col(max) !

flow conditions of interest and the effective diameter, D using Equations

3.4-3.15.

Compare the scour depth computed in step D with the distance from the pre-

. If the scour due to the

col

locally scoured bed to the bottom of the column, ‘H

column (computed in Step D) does not uncover the base of the column, then the

*

col(max)

effective diameter of the complex pier is equal to D for the conditions

examined. If the scour depth exceeds ‘H

, the analysis continues with Step F.

col

That is:
s(colmax) = HcO D= DZo max) * roceed t0 4.2.3.4
If Ysonman < |Heol Dcolre p 450
Yseonmao > |Hea| the pile cap is exposed, proceed to Step F

In general, the effect of the pile cap being wider and longer than the column is to
reduce the effective diameter of the column. This reduction is accounted for with

the pile cap extension coefficient, K. Note, however, that the reduction in the

*

column’s effective diameter, D_, , cannot go beyond that required to take the

col !

scour depth (due to the column) down to the bottom of the column (top of the pile

* *

cap). This minimum value of D, is denoted by D, - Compute D¢ i by

col

setting y, = ‘H in Equations 3.4 — 3.15 and solving for D".

col

Compute the pile cap extension coefficient, K¢ using Equation 4.61 with the
weighted average of the front and side extensions given in Equation 4.60 (see the

definition sketch for f; and f, in Figure 4-6).
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2f, +1,

for a < 45°
f= 2f3f 4.60
2N for g > 45°
£ Y f f
-0.12| — | +0.03|— | +1 forO<| — <3
bcol bcol bcol
K, = 461

0 for (LJ >3
bcol

*

H.  Compute the attenuated effective diameter of the column, D, , using Equation

4.62

DZoI(f) =K; DZol(max) —.15 ast +0.251, 4.62
ys(col)(max)

where Ycoymax 1S the scour depth evaluated in Step D above.

*

I.  The effective diameter of the column, D_,, is computed using Equation 4.63.

col !

D 4.63

*

* {Dcol(f) If Dcol(f) 2 Dcol(mm)}

col — . * *
D If Dcol(f) < Dcol(min)

col(min)

4.2.3.2. Effective Diameter of the Pile Cap

*

The procedure for calculating the effective diameter for a pile cap, D .,

is presented
below in Steps A-L. This procedure is applied to pile caps that are fully buried relative to
the pre-locally scoured bed. The procedure for computing D;C for Case 3 piers is similar

to that used for Case 2 piers. As with Case 2 piers, iterative calculations are necessary
since the shape and size of the structure changes as the local scour progresses. In the

iterative calculations the pile cap thickness, T , is considered to be the distance from the
top of the pile cap to the bottom of the scour hole. The iterations continue until either an
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equilibrium scour depth is reached or the bottom of the pile cap is uncovered. Likewise,

the height of the pile cap, H,., is considered to be the distance from the pre-locally

scoured bed to the bottom of the scour hole.

The procedure for computing D’;c is presented in Steps A—O below.

A

Compute the scour depth produced by the column, vy, , using Equations 3.4 -

3.15 with D" replaced by D, in Equation 4.63. Note that the water depth, yo, in

Equations 3.4 - 3.15 is the actual water depth just upstream of the structure.

When the pile cap is completely buried there is an additional coefficient required
in the computation of the effective diameter for the pile cap. Laboratory data
indicates that the position of the pile cap in the scour hole affects the magnitude

of its effective diameter. The coefficient that accounts for this dependence, K,

Is given in Equations 4.64. This coefficient is a function of f from Equation 4.60
and the scour depth computed in Step A above.

(A)(B) forOS'H—“"Sl, and 0< f <3

bpc = ys(col) col )

0 else

2
A=-1.166 Heo +.166 Hea +1, and
ys(col) ys(col)

B:-O.333(f)+1.

col

Coefficients A and B are plotted in Figure 4-18 and Figure 4-19, respectively
and the buried pile cap coefficient is plotted in Figure 4-20
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Figure 4-18 Graph of the A coefficient in Equation 4.64
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Figure 4-19 Graph of the B coefficient in Equation 4.64
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Figure 4-20 Graph of the buried pile cap’s coefficient, Ky,




C.

D.

E.

F.

Compute the pile cap’s shape factor, K using Equation 4.65.

1 for circular pile caps

Ks =

0.86 + 0.97 |a —~

00

T ) .
- Z‘ for rectangular pile caps

(04
1

where a. is the flow skew angle between the column and the flow direction.

Equation 4.65 is valid for 0° <« <90°.

Compute the pile cap’s skew angle coefficient, K,, using Equation 4.66.

b, cos(a)+1,sin(a)

a
pc

Check to see if the scour depth due to the column, y,.q, uncovers the bottom of

the pile cap

i Yseon = [Hpe| . pile cap bottom uncovered, proceed to Step F
Yseon < [Hpe|, Proceed to Step G

Compute Yomay and D’;c using Equations

2 2
5\7 5\7
1.64(T(Ksbpc)2j7 Yo > 1.64(T(Ksbpc)2j7
Yomax = , and
5\7
Yo Yo < 1.64(T(Ksbpc)2)

1
. Hoe T )
Dpe = Ks Ko Kipe by €Xp| -1.04 - 1.77 exp| —— | + 1.695 .
yo(max) yo(max)

Note that —1< Hpy. / Yomay <1 and 0< T/ Yogmay <1.

Proceed to Section 4.2.3.3.

4-47

4.66

4.67

4.68

4.69



G. Compute T"and H}. using Equations 4.70 and 4.71 (see definition sketch in Figure
4-14).

T'=(T+Hy )+ Yyeon and 4.70
H. = ~Yicon 4.71

T and T'are always positive. H and Hj. are always negative for partially and

fully buried pile caps.

H. Calculate yomax for the pile cap using Equation 4.72. The subscript “i” refers to

the number of the iteration (e.g. i = 1 for the first iteration, 2 for the second, etc.).

5\7 5\7
1.64[T’(Ksbpc)2] Yo 21.64(T’(Ksbpc)2j
Yomaxyi) = , (- 4.72

5\7
2

Yo Yo <1.64(T’(Ksbpc) )

I.  Compute the effective diameter of the pile cap with Equation 4.73. Note that
1< Hpe ! Yomagiy <1 and 0 < T/ Yomagiy <1 in equation. 4.73.

' ' 2
D;C(i) = K K, Kppebpe €Xp| -1.04 - 1.77 exp [LJ + 1.695[ T ] 473
Yomax)() Yomax)i

J. Compute the effective diameter for the column and the portion of the pile cap
above the bed.

*

(col +pe)(i)

D =D;, +D, 4.74

pe(i)

K.  Compute the scour depth due to the column and the portion of the pile cap above

*

the bed, Y'scotpeyqiy Using Equations 3.4 - 3.15 with D™ replaced by D (cot + poyiy from
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Equation 4.74. Note that the water depth, yo, in Equations 3.4 — 3.15 is the actual

water depth just upstream of the structure.
L. Compute H. and T'using Equations 4.75 and 4.76.

H;C _ {Hpc Ys(co|+pc)(i) 2 ‘Hpc ‘}

~ Yooy Ys(eorpoyy < |Heel

T Ys(co|+pc)(i) 2 ‘Hpc‘

T =
T+ Hpc - H;)c Ys(col+pc)(i) < ‘HPC‘

M. Check for convergence using Equations 4.77.

If i=1, proceed to Step H above
Ifi>1

Ys(col+pc)(i) - Ys(col+pc)(i-1) |

1) Compute A =
‘ Ys(col+pc)(i—1) ‘

A < 0.05, D,.=D,, proceed to Step N below
2) If
A > 0.05 proceed to Step H above

4.77

N. Pile cap summary.

Dy = Dy
D(col+pc) = D(col+pc)(i)
ys(col+pc) = Ys(col+pc)(i)

O. Determine if pile group is exposed.

" Yeoispay < |Hpg|s Dpe=0, proceed to Section 4.2.3.4
Y (col+peyiiy > |Hpg|, bottom of pile cap uncovered, proceed to Section 4.2.3.3
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4.2.3.3. Effective Diameter of the Pile Group

If the scour depth produced by the pile cap and column is sufficient to uncover the top of
the piles, the pile group will contribute to the total effective diameter of the pier. Since
the only information available for local scour at pile groups is for situations where the
piles protrude above the pre-locally scoured bed (i.e. there is no data for scour produced
by piles exposed to the flow in a scour hole) the reference or datum from which the
height of the pile group is measured must be changed as shown in Figure 4-15. The
datum is no longer the pre-locally scoured bed but rather the bottom of the scour hole
produced by the column and pile cap. Likewise, the water depth is increased by this

scour depth for purposes of computing the effective diameter of the pile group, D;g . The

pile group also differs from the column and the pile cap in that it is composed of several
piles and the arrangement of these piles can have a different shape from that of the
individual piles. For example, there could be a rectangular array of circular piles. If the
piles are located close together the structure takes on the approximate shape of the array
rather than that of the individual piles. Likewise, as the spacing between the piles
becomes large it is the shape of the individual pile that is important. The shape factor,
K., in this analysis takes this into consideration. Laboratory data also suggests that the
scour potential of the pile group (and therefore the effective diameter of the pile group)
decreases as the location of the top of the piles reside deeper in the scour hole produced
by the column and pile cap. To account for this a buried pile group coefficient, Kypg, has

been introduced based on laboratory data. The procedure for computing the effective

diameter for the pile group, D__, is described in Steps A through I below.

pg’

A. Compute Flpg and Yy, based on a datum located at the bottom of the scour hole

(instead of the pre-locally scoured bed).

Hpg = HPQ + ys(co|+pc) and

VO = yo + ys(col+pc)

4.79

Note that with this datum H,, is negative and H_ is positive.
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B.

Ks(pile or pile group) —

C.

Compute the shape factor for the pile group using Equations 4.80 and 4.81.

K, —K, . S 10
_ s (pile) s(pile group)
Ks - : 9 Pt (Bj + Ks(pile) _g(Ks (pile) — Ks(pile group)) 4.80
where,
1 for circular piles or pile group arrays
z 7 . . 481
0.86+0.97|c F 2 for square piles or rectangular pile group arrays

Calculate the projected width of the pile group, Wy, as illustrated in Figure 4-10.
The projected width of the pile group is the sum of the non-overlapping widths of
the individual piles in the first 2 rows and first column on a plane normal to the

flow direction.

Calculate pile spacing coefficient, Ksp, using Equation 4.82. Note that when the

center line spacing is not uniform (s, #s,,), use the smallest value for the

centerline spacing, s, in Equation 4.50.

where wy; is the projected width of an individual pile.

Calculate Ky, using Equation 4.83 which accounts for the number of piles in line

with the flow.

0.045(m) +0.96 for |a|<5°,and m<5
Ky =41.19 for |a|<5°,and m>5 4.83

1 for |a|>5°

4-51



F.  Compute Y., Using Equation 4.84.

_ Yo fory, <2K; W, K, Ky
Yomay = _ 4.84
2K, W, K, K, fory, > 2K, W, K, K,,
G. Compute the pile group height coefficient, K}, using Equation 4.85. Note that if
the calculated value of H_, / V., is greater than 1 in Equation 4.85, set it equal
to 1.
1.5tanh| 0.8 /_Hﬁ for 0 < _H¢ <1
y() (max) yO (max)
— FIPQ
Ky,=+0 for —2-<0 4.85
yO(max)
1 for _Hﬁ >1
yO(max)
H.  Compute the buried pile group attenuation coefficient, Kypg, using Equation 4.86
A
Kipg = a 4.86
ys(col +pc)
I.  Compute the effective diameter of the pile group using Equation 4.87.
Dpg = K Kgp Kin Kiy Kypg W, 4.87
4.2.3.4. Complex Pier Effective Diameter
The effective diameter of the complete complex pier is the sum of the effective diameters
of its components. As stated above for situations where the pile cap is partially or fully
buried (Cases 2 and 3) the effective diameter is only valid for the flow and sediment
conditions for which it is computed.
D' = D, +D,. +D,, 4.88
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4.2.3.5. Equilibrium Local Scour Depth at a Case 3 Complex Pier

Once the effective diameter of the complex pier has been obtained, the equilibrium local

scour depth (for the conditions under which the effective diameter was determined) can

be computed using Equations 3.4 - 3.15.

4.2.3.6. Case 3 Example Problem

An example calculation for the complex pier as illustrated in Figure 4-21 is presented in

this section. The flow and sediment variables used for the calculations are listed below in

Table 4-3.

Table 4-3  Flow and sediment inputs for the example calculation.

Skew | Velocity | Critical | Live Bed Peak | Water | Temp | Salinity | Dsg
Angle Velocity Velocity Depth
Degrees | (ft/s) (ft/s) (Ft/s) (ft) (F% (ppt) | (mm)
15 6.0 1.60 16.36 13 65 35 0.80
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A 3 ft
T h o
6 ft
g
O [l L]
O O O
— | 3ft |- 13 ft
O O O
24 ft 18 ft
O O O
O O O
4 ft t -+ 15ff ————» T
O O ] Y
1 ft A
11t
Sediment -+ [ [ O 3 ft

\J Y

—o=15°

Flow |
Elevation View
Plan View

Figure 4-21 Elevation and plan view of the complex pier used in the Case 3 example

scour calculation

The column’s effective diameter, D", is calculated below following Steps A-1 of section

4.2.3.1.

A. Compute the shape factor for the square column, K.

4
K, =0.86+0.97/15° — —Z| =093
180° 4

B. Compute the column skew coefficient, K.

" :3ftcos(15°)+18ftsin(15°)

i =252
3ft
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C. Compute the maximum column effective diameter, D" coimax), Using Equation 4.58.
Diormay = Ks K, b =0.93x 252 x 3.0ft = 7.03ft
D.  Compute the maximum scour depth for the column, Y .ma -
2| YIVez1 ],
VIV, -1

y " . /D
—S,ECOI)(maX) = tanh [—* Yo J x| 2.5 (;ogl)(maX) - 013
D (conmax) D (canym) 0.4( D p(my ! Dso ) +10.6( Disyymary ! Do)

V, 1V, -1

[le/VC—V/VCj

7.03ft/(2.63x10’3 ft)

0.4(7.03ft/(2.63x10° ﬂ))l'2 +10.6(7.03ft/(2.63x10° ft))

6.0':/1.6':—1
2.2 +
1636 /16™ 1
S S
0.4
Ystconima _ o[ 23T )1 1o
7.03ft 7.03ft
16367 /1.6 60 /16M
S S S S
ft . _ft

ys(co|)(max) = 9.48 ft

locally scoured bed to the bottom of the column,

16.36—/1.6—-1
S S

Ys(col)max) > |Hcol| , SO continue to Step F.
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*

F.  Compute D, g i by setting y, =

H.,| in Equations 3.4 — 3.15 and solving for

D".
Note: The process of computing D*min is iterative. Only the last iteration is

shown in this step. Once the predicted scour was within 1% of |[Hcol|, the
iterations were stopped.

D" min = 0.46 ft
6.0':/1.6‘:—1
2.2 +
1636161 1
S S
0.4 -3
0.46ft/(2.63 x 103 ft
y, =(0.46ft) tanh [ﬂJ x| 2.5 lg ) —
0.46ft O.4(0.46ft/(2.63x10’3ft)) +1o.6(0.46ft/(2.63x10*3ft))
1636 /16 _6oM 16l
S S S S
1636 /161 1
S S

ys = 1.0 ft, therefore D" min = 0.46 ft.
G. Calculate the pile cap’s extension coefficient, Ks.

_ 3f+f,

f fora < 45°

3(3ft)+ (6 t)

f= =3.75ft

2
K, = -012 [ 338T) L 0033381 | 1085
3t 3t

H.  Compute the attenuated effective diameter of the column, D, , using Equation

4.62.
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Dzoy = K¢ Dooignag | =75 Ho |1 025
ys(col)(max)

* _1ft
D_,.» =(0.85)(7.03ft)| —.75| —— |+0.25

D*Co|(f) =1.97ft

*

I.  The effective diameter of the column, D_, , is computed using Equation 4.63.

col 1
D.y = Diy =1.971t

Next, the pile cap’s effective diameter is calculated below following Steps A-O in
Section 4.2.2.2.

A.  Compute the scour caused by the column, Yscon.

6.0':/1.6':—1
22 '
1636 /16" -1
S S
Yaa) _ oo [13ft j‘“ . 1.96ft/(2.63x10° ft)
=1an —_— x| 2. —
1.961t 1.96ft 0.4(1.961t/(2.63x10° 1)) +10.6(1.96ft/(2.63x10°ft))

16.36E/1.6E—6.0E/1.6E

S S S S

16.36E/1.6E—1

S S

ys(co|) = 3.48 ft

B. Compute the buried pile cap coefficient, Ky using Equations 4.64.
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Heo _ 0.29, and f
ys(col) bcoI

A =-1.166(0.29)" +0.166(0.29) + 1 =0.95
B = -0.333 (1.25) + 1=0.58

K ppo = 0.55

=1.25

Compute the shape factor for the square pile cap, K.

4
T T

=0.93

(o]

K, = 0.86+0.97‘15° :

Compute the column skew coefficient, K.

< _ 15 ftcos (15°)+ 24 ftsin (15°)

. =1.38
15ft

Determine if the column scour uncovers the bottom of the pile cap.

The column scour computed in Step A, 3.58 ft, is not enough to uncover the

bottom of the pile cap. Continue on to Step G.
Skip this step.

Compute T and H  using Equations 4.70 and 4.71 (see definition sketch in Figure
4-14).

T =(T+H, )+ Yy = Aft+-11t+3.48ft = 2.481ft

H'pc = —Yeeop = —3-481t

Compute Yomax1) and the pile cap effective diameter, D" pcq).
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y, =13 1t,

5
1.64(2.47ft(0.93*15ft)2j7 ~13.95ft

Therefore, y =Y =13ft

o(max)(1)

| Calculate D peq).

D;C(l) = (0.55)(0.93)(1.38)(15 ft)exp -1.04 -1.77 exp[

D ey =

—3.47 ft + 1605 2471t 247 ft
13ft 13ft

=2.03ft

J.  Calculate D" colpoya).

*

D —1 97 ft+2.03ft=4.0ft

(col+pc)(1

K. Calculate Yscol+pe)).

13ft
Ys(co|+pc) (4 Oﬁ)t hl:( Of

6.OE/1.6E—1

2.2 S S +

4.0ft/(2.63 x10‘3ft)

16.36E/1.6E—1
S S
J ]x 2.5
16.36E/1.6E—6.0E/1.6E
S S S S
16.36E/l.6E—1
S S

Ys(co|+pc)(1):6. 15 ft

L. Compute

H,. and T using Equations 4.75 and 4.76.

Hpe =Hp=-5 ft since Ys(eolpoy) = ‘Hpc‘
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T =T =4 ft since Y5(col+rJC)(1) 2 ‘Hpc‘

M. Check for convergence using Equations 4.77.
Since i =1, go to Step H.
H. Compute Yomaxyz and the pile cap’s effective diameter, D"y

y, =13ft,

57
2

1.64(5ft(0.93*15ft) ]7 —16.01ft

Therefore, Y, .oz =Y, =13.0ft

I.  Calculate D).

1
sz 5.0 ft 4.01ft)?

D*pc(z) = 287 ft
J. Calculate D*(col+pc)(2)-

D*

(col+pc)(2

| =197 ft +2.87 ft=4.84 ft

K. Calculate Yscol+pe)@).
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ft ft

6.o§/1.6§—1
2.2 +
16.361:/1.61:—1
0.4 -3
13t 4.84%t/(2.63x 1072 ft
Ys(col+pc)(2) :(4'84ft) tanh (MJ x| 2.5 _ 1.£ ) - —0.13
: o.4(4.84ft/(2.63 x 10 3ft)) +1o.6(4.84ft/(2.63 x 10 3ft))

16.36E/1.6E—6.0E/1.6E

S S S S

16.36E/1.6E—1

S S

Ys(co|+pc)(2):7 . 12 ft

L. Compute H,, and T using Equations 4.75 and 4.76.

Hpc = HpC: -5 ft since Ys(col+pc)(2) > ‘Hpc‘

T =T =4 ft since YS(coI+pC)(2) Z ‘Hpc‘

M. Check for convergence using Equations 4.77.

Ys(col+pc)(2) — Ts(col+pec)(1) | _ |712 ft—6.15 ﬂ| _
Y's col+po)1) ‘ | 6.15 ft |

2) Since A > 0.05 proceed to Step H above

1)A= 0.16

H. Compute Yomax3 and the pile cap’s effective diameter, D" ().

y, =13ft,

5\7
2

1.64(5ﬂ(0.93*15ft) ]7 —~16.01ft

Therefore, y 3 = Yo =13.0ft

o(max)

I Calculate D"y
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= -5.0ft 401t
Dpc(g) = (0.55)(0.93)(1.38)(15 ft)exp -1.04 -1.77 exp(ﬁj + 1.695(ﬁ

*

D pc(3) - 2.87 ft
J.  Calculate D" colpeya).

D*

(col+pc)(2

) =1.97 ft+2.87 ft =4.84 ft

ft ft

6.0;/1.6;—1
2.2 +
1636 /161 1
S S
0.4 -3
13t 4.84%t/(2.63 x 107 ft
):(484ﬂ) tanh |:[mj :IX 25 - 1.£ ) - —

: 0.4(4.84ft/(2.63x10 ft)) +1o.6(4.84ft/(2.63x10 ft))

16.36E/1.6E—6.0E/1.6E

S S S S

16.36E/1.6E—1

S S

Ys(co|+pc)(3): 7. 12 ft

L. Compute H,. and T using Equations 4.75 and 4.76.
Hpc = HpC: '5 ft SInCG YS(C0|+pC)(3) 2 ‘Hpc‘

T =T=4ftsince Yicomom = |Hyl

M. Check for convergence using Equations 4.77.
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7121t -7.121ft)
s(col+pc)(2) 7.12 ft |

2) Since A < 0.05 proceed to Step N

Ys(col+pc)(3) - Ys(col+pc)(2) O 0

A=

N. Pile cap summary.

*

D_.= D, =287ft

pc pe(3)
D(col+pc) = D(co|+pc)(3) = 483 ﬂ
ys(col+pc) = Ys(col+pc)(3) = 713 ft

O. Determine if pile group is exposed.

Since the yscol+pc) €XPOSes the pile group, continue on to compute the pile group

effective diameter.

Finally, compute the pile group’s effective diameter following Steps A-1 from Section
4.2.3.3.

A. Calculate the H,, and Y, using Equation 4.15 and 4.16.

Hog= Hog* Vi orepy = Sft+7.12ft =212 1t
Vo = Vot Vogorrpy = 13ft+7.12ft=20.12ft

B. Compute the shape factor for the pile group, K.

K. oo — Koo S 10
_ s (pile) s(pile group)
Ks - : 9 Pt (Bj + Ks(pile) _?(Ks(pile) - Ks(pile group)) 1
1 for circular piles or pile group arrays
Ks ile or pile group) ‘
pilecrplleare) ) 0 86+0.97 0‘17%0 —%‘ for square piles or pile group arrays

Since both the individual piles and pile group are both square, the shape factor

will be the same for both.
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4
Kpie) = 0.86+0.97‘15° Z__Z21 093
1 (0]
T T ¢
Ks(PiIegroUp) = 086+097‘150 180° —-—| =093
K, = 993-093(6M) 493 10(093-0.93)=0.93
9 (2t 9

C. Calculate the projected width of the pile group.

U ﬂ].!!ﬁ

o Qi
. 3t
L W_=1066ft
w =1.22ft
o © ey
D ':.Il- s=3 ft
(w
6.66ft | |2f] |2 f
jFlaw
Jo=15
Figure 4-22 The Projected Width of the Pile Group
D. Calculate the pile spacing coefficient, Ksp.
W
K,, = Ay Werfy 1 — =1—f(1— 1'22ﬁj g1 — =051
3 W, s ) 3 10.66 ft 3ft )
w,, 1.22 ft
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E. Calculate K, coefficient that accounts for the number of piles in line with the

flow.

0.045(m) +0.96 |a|<5°,.and m<5
K, =11.19 la|<5°,and m>5
1 || = 5°

a =15°, therefore K, =1

F.  Compute Y., for the pile group.

3 {70 fory, <2K, W, K K }
yO(max) = —

2K, Wp KSp K. fory, > 2K, Wp KSp K,
2K, Wp KSp K, = 2(0.93)(10.66 ft)(O.Sl)(l) =10.111t
¥, = 20.12 ft,

therefore, Y., =10.11ft

G. Compute the submerged pile group coefficient, Ky,

K,=1.5tanh| 0.8 2121t =0.53
10.111t

H.  Compute the buried pile group attenuation coefficient, Kyyg, using Equation 4.86.

K H, 212ft

b
» ys(col +pc) 712 ft

I.  Compute the pile group effective diameter, D*pg.

D;, =K, K,, K,, K, K,,, W,=(0.93)(0.51)(1)(0.53)(0.30)(10.66 ft)=0.80 ft

bpg

The effective diameter of the complex pier is the sum of each component’s effective

diameter.
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*

D' = D, +D, +D,
D" =1.97ft+2.87ft + 0.80ft =5.64ft

9| MIVe=l ),
V,/V, -1

*

(col+pc+pg)

D
2.5

/Dy,

*

(col+pc+pg)

|

+

0.4
*L = tanh {LJ X
D(col+pc+pg) D(col+pc+pg) 04(D

V, IV, - VIV,
V, 1V, -1

6.OE/1.6E—1

2.2 S S
16.36E/1.6E—1
S S

2.5

/Dy +10.

/D

(col+pc+pg) 50

6(D*

5.64 ft/2.63x 107 ft

)70.13

13ft
— (5.64 ft)tanh| | ——
Yo =( Jtan [[5.64ﬂj }

16.36E/1.6E—6.0E/1.6E

S S S S

16.36E/1.6E—1
S S

ys = 7.99 ft

0.4(5.64ft/2.63x10° ft) " +10.6(5.64t/2.63x 107 ft)

The total scour for the complex pier is computed using the flow conditions listed in Table

4-3 and an effective diameter of 4.94 ft in Equations 3.4 to 3.15.

The resulting local scour depth for the complex pier is 7.99 ft.
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4.3.Predicted versus Measured Laboratory Data

The methodology for computing local scour at complex piers was developed using
laboratory data. Data from scour tests performed by Sterling Jones at the Turner
Fairbanks Laboratory located in Virginia, Steven Coleman at the University of Auckland
in New Zealand, and by D. Max Sheppard at the University of Florida, the University of
Auckland and at the USGS-CAFRC laboratory in Turners Falls, Massachusetts were used
in the formulation. The revised procedure was the result of additional laboratory data
becoming available for both partially buried and completely buried pile caps. In order to
validate the revised procedure, it was used to predict the scour experiments from the
different researchers. A brief summary of the more recent experiments performed by
Sterling Jones, Stephen Coleman and Max Sheppard along with their data is presented in

the following section.
4.3.1. Laboratory Experiments

4.3.1.1. Jones’ Experiments

The structures used in Jones’ tests are composed of two components, a column (stem)
and a Pile cap (footer). Figure 4-23 illustrates the three piers used in the experiments, all
having a 0.15 m square column, and 0.03 ft thick square pile caps with varying widths.
Figure 4-24 presents the four different positions the piers were tested in and Table 4-4
and Table 4-5 list the conditions during the experiments and the measured scour depths.
Figure 4-25 shows the measured scour depth, the predicted scour depth using the revised
methodology presented in this chapter, and the predicted scour depth using the current
HEC-18 procedure.
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Pier 1 Pier 2 Pier 3

—= 0.5 Tt —= 05ft [+ — 05ft [+
—| 060ft |«— —| 0.70ft |=— —> 1ft f—

# ' |
T f

f=0.05 ft f=0.10 ft T
f=0.25 ft
Figure 4-23 Structures used in Sterling Jones’ experiments.
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Figure 4-24 Position of the structures in Sterling Jones’ experiments.
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Table 4-4

Flow conditions for Jones’” experiments.

Experiment | Dsy | Skew | Velocity Critical Water Ys
(mm) (ft/s) Velocity (ft/s) | Depth (ft) (ft)
1 1.0 0.0 1.55 1.31 1.0 1.00
2 1.0 0.0 1.55 1.31 1.0 0.57
3 1.0 0.0 1.55 1.31 1.0 0.50
4 1.0 0.0 1.55 1.31 1.0 0.40
5 1.0 0.0 1.55 1.31 1.0 1.11
6 1.0 0.0 1.55 1.31 1.0 0.71
7 1.0 0.0 1.55 1.31 1.0 0.56
8 1.0 0.0 1.55 1.31 1.0 0.47
9 1.0 0.0 1.55 1.31 1.0 0.79
10 1.0 0.0 1.55 1.31 1.0 0.82
11 1.0 0.0 1.55 1.31 1.0 0.59
12 1.0 0.0 1.55 1.31 1.0 0.52
Table 4-5  Pier information for Jones’ experiments.

Experiment | b leol i 1 Heot | bpe | lpe T Hpc

(| | @ || ) | @ | F) | F) | J) | (O

1 05| 05 01|01 |-05|06]|06]|01]|-06

2 05(05 01} 01 |-01|06 |06 01]-02

3 05| 05 01| 01 |00 |06]|06]|01]|-01

4 05(05 01} 01 |01 |06]|06 |01 00

5 05| 05 02| 02 |-05|07]07]|01]| -06

6 05(05 02| 02 |-01|07 |07 |01]-02

7 05(05 02| 02 |00 |07 |07 01 -01

8 05(05 02| 02 |01 07|07 |01 00

9 05(05 05| 05 |-05|10|10 01| -06

10 05(05 05| 05 |-01|10| 12001 -02

11 05(05 05| 05 |00 10|10 01 -01

12 0505 05| 05 |01 10|10 |01 00
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Figure 4-25 Scour predictions of Jones’ laboratory complex pier local scour experiments
using the current scour prediction procedures (HEC-18) and using the
revised procedures (UF).

4.3.1.2. Coleman’s Experiments

Steven Coleman’s experiments were conducted with three different complex piers as
shown in Figure 4-26 through Figure 4-28. All three piers are composed of three
components (column, pile cap, and pile group). Coleman varied the position of the pile
cap by starting with the pile cap out of the water. The pile cap was lowered down in the
water column after each successive test until the bottom of the pile cap was not
uncovered by the column scour. He repeated this procedure for each of the piers tested.
Table 4-6 and Table 4-7 list the conditions and extrapolated equilibrium scour depth for
each of the reported experiments. The scour predictions for non buried pile caps (Case 1)
are illustrated in Figure 4-29 versus extrapolated equilibrium scour depths. Figure 4-30
presents the predictions for the complex structures having a buried or partially buried pile

cap (Case 2 and Case3) versus extrapolated equilibrium scour depths.
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Figure 4-27 Plan and elevation view of model complex pier 2 (Type B, All dimensions
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Figure 4-28 Plan and elevation view of model complex pier 3 (Type C, All dimensions
are in feet).
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Table 4-6  Flow conditions during the laboratory scour experiments.

Experiment | Dsp | Skew | Velocity Critical Velocity Water Depth

(mm) (ft/s) (ft/s) (ft)
1 0.84 0 1.08 1.41 1.97
2 0.84 0 1.08 1.41 1.97
3 0.84 0 1.08 141 1.97
4 0.84 0 1.08 1.41 1.97
5 0.84 0 1.08 141 1.97
6 0.84 0 1.08 1.41 1.97
7 0.84 0 1.08 1.41 1.97
8 0.84 0 1.08 1.41 1.97
9 0.84 0 1.25 141 1.97
10 0.84 0 1.25 1.41 1.97
11 0.84 0 1.25 141 1.97
12 0.84 0 1.25 1.41 1.97
13 0.84 0 1.25 141 1.97
14 0.84 0 1.25 1.41 1.97
15 0.84 0 1.25 141 1.97
16 0.84 0 1.25 1.41 1.97
17 0.84 0 1.25 141 1.97
18 0.84 0 1.25 1.41 1.97
19 0.84 0 1.25 141 1.97
20 0.84 0 1.25 1.41 1.97
21 0.84 0 1.25 141 1.97
22 0.84 0 1.25 1.41 1.97
23 0.84 0 1.25 141 1.97
24 0.84 0 1.25 141 1.97
25 0.84 0 1.12 1.31 1.08
26 0.84 0 1.12 1.31 1.08
27 0.84 0 1.12 1.31 1.08
28 0.84 0 1.12 1.31 1.08
29 0.84 0 1.12 1.31 1.08
30 0.84 0 1.12 1.31 1.08
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Table 4-7  Scale model geometrical information for the laboratory scour experiments.
Experiment | Type | Dol lcol f1 fo Hcol Bpc loc T Hpc nim S
(f) | (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)
1 A | 0098 | 1.024 | 0.00 | 0.148 | 2.165 0.394 1.024 0.197 1969 | 2 | 4 |0.236
2 A 0098 | 1.024 | 0.00 | 0.148 1.083 0.394 1.024 0.197 0886 | 2 | 4 |0.236
3 A 0098 | 1024 | 0.00 | 0.148 | 0.394 0.394 1.024 0.197 0197 | 2 | 4 |0.236
4 A 0098 | 1.024 | 0.00 | 0.148 | 0.197 0.394 1.024 0.197 0.000 | 2 | 4 |0.236
5 A 0098 | 1.024 | 0.00 | 0.148 | 0.148 0.394 1.024 0.197 -0.049 | 2 | 4 |0.236
6 A 0098 | 1.024 | 0.00 | 0.148 | 0.000 0.394 1.024 0.197 -0.197 | 2 | 4 |0.236
7 A |0.098 | 1024 | 0.00 | 0.148 | -0.098 0.394 1.024 0.197 -0.295 | 2 | 4 |0.236
8 A 0098 | 1024 | 0.00 | 0.148 | -0.253 0.394 1.024 0.197 -0449 | 2 | 4 |0.236
9 B 0098 | 1.024 | 0.164 | 0.148 1.969 0.394 1.188 0.197 1772 | 2 | 4 |0.236
10 B 10098 | 1.024 | 0.164 | 0.148 1.640 0.394 1.188 0.197 1444 | 2 | 4 |0.236
11 B 0098 | 1.024 | 0.164 | 0.148 1.640 0.394 1.188 0.197 1444 | 2 | 4 |0.236
12 B 10098 | 1.024 | 0.164 | 0.148 1.312 0.394 1.188 0.197 1115 | 2 | 4 |0.236
13 B 0098 | 1.024 | 0.164 | 0.148 | 0.984 0.394 1.188 0.197 0787 | 2 | 4 |0.236
14 B |0.098 | 1.024 | 0.164 | 0.148 | 0.656 0.394 1.188 0.197 0459 | 2 | 4 |0.236
15 B 0098 | 1.024 | 0.164 | 0.148 | 0.328 0.394 1.188 0.197 0131 | 2 | 4 |0.236
16 B 0098 | 1.024 | 0.164 | 0.148 | 0.197 0.394 1.188 0.197 0.000 | 2 | 4 |0.236
17 B 0098 | 1.024 | 0.164 | 0.148 | 0.180 0.394 1.188 0.197 -0.016 | 2 | 4 |0.236
18 B |0.098 | 1.024 | 0.164 | 0.148 | 0.098 0.394 1.188 0.197 -0.098 | 2 | 4 |0.236
19 B |0.098 | 1.024 | 0.164 | 0.148 | 0.000 0.394 1.188 0.197 -0.197 | 2 | 4 |0.236
20 C 10.098 | 1.024 | 0.164 | 0.148 1.345 0.394 1.188 0.197 1.083 | 2 | 4 |0.236
21 C 10328 1.312 | 0.164 | 0.148 | 0.755 0.394 1.188 0.197 0492 | 2 | 4 |0.236
22 C 10328 1.312 | 0.164 | 0.148 | 0.509 0.394 1.188 0.197 0246 | 2 | 4 |0.236
23 C 10328 | 1312 | 0.164 | 0.148 | 0.344 0.394 1.188 0.197 0082 | 2| 4 |0.236
24 C 10328 1.312 | 0.164 | 0.148 | 0.262 0.394 1.188 0.197 0.000 | 2 | 4 |0.236
25 C 10328 1.312 | 0.131 | 0.148 | 0.131 0.623 1.575 0.262 -0.131 | 3 | 8 |0.213
26 C 10328 1.312 | 0.131 | 0.148 | 0.000 0.623 1.575 0.262 -0.262 | 3 | 8 |0.213
27 C 10328 1.312 | 0.131 | 0.148 | -0.131 0.623 1.575 0.262 -0.394 | 3 | 8 |0.213
28 C 10.098 | 1.024 | 0.131 | 0.148 | -0.262 0.623 1.575 0.262 -0525 | 3 | 8 |0.213
29 C 10.098 | 1.024 | 0.148 | 0.131 | -0.492 0.623 1.575 0.262 -0.755 | 3 | 8 |0.213
30 C 10.098 | 1.024 | 0.148 | 0.131 | -0.689 0.623 1.575 0.262 -0951 | 3 | 8 |0.213
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Figure 4-29 Scour predictions of laboratory complex pier local scour experiments (non-buried complex piers) using the current scour
prediction procedures (HEC-18) and using the revised procedures (UF).
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Figure 4-30 Scour predictions of laboratory buried or partially buried complex pier local scour experiments using the current scour
prediction procedures (HEC-18) and using the revised procedures (UF).
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4.3.1.3. Sheppard’s Experiments

Sheppard’s experiments were performed at the University of Auckland with the pier

shown in Figure 4 28. The vertical position of the pier was varied as illustrated in Figure

4 31. The scour experiments were all performed in live bed flow conditions. Table 4-8

and Table 4-9 lists the conditions present during the experiments and the equilibrium

scour depth for each test. The equilibrium scour depth listed for each experiment was

established by fitting the time rate data for each test with a curve fit, and extrapolating the

curve fit out to infinity. The reported equilibrium scour depths were all greater than the

measured values. An average bed elevation was determined for each test because live bed

flow generates sand waves that propagate downstream into and out of the developing

scour hole.

Position 1

Sediment

1ft l

0.25 ft

Position 2

Sediment

Position 3

1ft l 1ft

0.08 ft

Sediment

Figure 4-31 Position of the piers in Sheppard’s experiments.

Table 4-8  Flow conditions for Sheppard’s experiments.

Experiment | Position | Dsy | Skew | Velocity Critical Water Ys
(mm) | Angle (ft/s) Velocity Depth (ft)
(ft/s) (ft)

1 2 0.84 0 2.69 1.31 1.07 0.44

2 3 0.84 0 2.69 1.31 1.07 0.59

3 2 0.84 0 4.04 1.31 1.07 0.47

4 3 0.84 0 4.04 1.31 1.07 0.62

5 1 0.84 0 2.69 1.31 1.10 0.52

6 1 0.84 0 3.97 1.31 1.08 0.39

7 1 0.84 0 2.00 1.31 1.09 0.43
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Table 4-9

Pier information for Sheppard’s experiments.

Experiment | beo | leot | fi | f2 | Het | Bpc | Ipe | T | Hpe [n|M| s
(|f) | () [ | (Ff) | () | () | () | F) | (D) (ft)
1 0.33| 1.31 |0.13| 0.15 | 051 |0.62|157|0.26| 025 |3| 8 | 0.21
2 0.33| 1.31 |0.13| 0.15 | 0.34 | 0.62 |157|0.26| 0.08 |3|8 | 0.21
3 0.33| 1.31 |0.13| 0.15 | 051 |0.62|157|0.26| 025 |3| 8 | 0.21
4 0.33| 1.31 |0.13| 0.15 | 0.34 | 0.62 |157|0.26| 0.08 |3|8 | 0.21
5 0.33| 1.31 |0.13| 0.15 | 0.75 | 0.62 | 157|026 | 0.49 |3| 8 | 0.21
6 0.33| 1.31 |0.13| 0.15 | 0.75 | 0.62 | 157|026 | 049 |3| 8 | 0.21
7 0.33| 1.31 |0.13| 0.15 | 0.75 | 0.62 | 157|026 | 049 |3| 8 | 0.21
1.20 —
1.00 I
0801 || N
E | B Measured
‘g 0.60 O Revised
(]
D 540 | O Current
0.20 |
0.00 -
1 3 4 5 6
Experiment

Figure 4-32 Scour predictions of Sheppards’ laboratory complex pier local scour
experiments using the current scour prediction procedures (HEC-18) and

using the revised procedures (UF).
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CHAPTER 5 CONSERVATISM IN APPROACH TO SCOUR ESTIMATION

The scour prediction equations discussed in Chapter 3 are designed to be conservative;
i.e., they are designed to predict scour depths that are greater than would be experienced
for the given structure, sediment and flow conditions. The implied conservatism is a
result of performing scour experiments in laboratory conditions that are rarely found, if
ever, at bridge sites. Factors in the laboratory not commonly found in the field that can
influence local scour depths include a very narrow sediment size distribution and minimal
fine sediments in the water column, both of which produce larger scour depths than
would occur under normal field conditions. In addition for many, if not most, field
situations the duration of the design flow event is not sufficient for the scour depth to
reach an equilibrium value. The following sections discuss the sediment size distribution,
suspended fine sediments (washload) in the water column, local scour time dependency,
and additional geometric effects not included in the complex pier analysis that add a level

of conservatism to the scour estimation.
5.1.Sediment Size Distribution

Laboratory experiments show [see e.g. Ettema (1976)] that the greatest local scour depths
occur for uniform diameter sediments. For this reason most researchers conduct their
experiments with near uniform sediments [i.e. sediments with as low a value of sigma
(o= \/W) as possible]. The empirical scour prediction equations in Chapter 3 are
based on data from laboratory experiments with near uniform diameter sediments.
Prototype sediments will always have a distribution of sediment sizes and thus will
experience smaller scour depths than predicted by these equations. The reason for the
reduced scour in sediments with a distribution in sediment sizes is due to “armoring” of
the scour hole by the larger particles left behind as the smaller particles are removed. In
effect, the median grain size increases as the scour progresses, resulting in a lower value
of V/V;. It should be pointed out that the level of conservatism decreases as the value of
VIV, increases. That is, the larger the design flow velocity the less sensitive the

equilibrium scour depth is to changes in grain size distribution. Figure 5-1 illustrates the



work of Ettema (1976) in quantifying the effects of o on equilibrium scour depths. K is

a multiplier that decreases the equilibrium scour depth with increasing values of c.

1.00

‘=~ (1) — Ripple e
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Forming Sediment
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Figure 5-1 Effects of sediment size distribution, o, on equilibrium scour depths.

5.2.Fine Sediment Suspensions

Researchers have known for some time that the presence of suspended fine sediment
reduces the drag force exerted on the bed by the flowing water. Observations indicate that
the shear stress reduction increases with increasing concentration and decreases with
increasing velocity. Sheppard (2002) observed the impact of suspended fine sediment on
local scour in his local scour experiments. Equilibrium scour depths were reduced by
90% or more when suspended fine sediments entered the tests. Further studies by
Sheppard (2003) and Sheppard (2004) determined that even small concentrations of
suspended fine sediment cause reductions in bed shear stress and local scour depth. The
effects of the suspended fine sediment do, however, decrease as the flow velocities
become large. Since for most streams, the amount of suspended sediment increases
dramatically during design storm events, the scour depth prediction methods and

equations presented in Chapters 3 and 4 will produce conservative results.
5.3.Time Dependency of Local Scour

When a structure located in an erodible bed is subjected to a steady current, the rate of

local scour is large at first but then decreases as the scour hole deepens. The time



required to reach an equilibrium scour depth for a given structure, sediment and flow
situation is not well understood. However, it is known to depend on a number of the
structure, sediment and flow parameters as well as the equilibrium scour depth. For
many coastal locations where the design storm event results from a hurricane storm surge
generated (or hurricane wind generated) currents, the duration of the event may not be
sufficient to achieve equilibrium scour conditions. This is particularly true if the
sediment includes cohesive materials. Thus, employing equations that predict
equilibrium scour depths will produce conservative values if the time to reach

equilibrium scour depths is not taken into consideration.
5.4.Geometric Considerations

For bridges over navigable waterways conveying large ships (e.g. ICWW, Tampa Bay),
the piers on either side of the main navigation channel are always protected from ship
impact by fender systems. Physical model studies conducted at the University of Florida
and at the FHWA Turner Fairbanks Hydraulics Research Center in McLean, Virginia
show that fender systems tend to reduce the local scour depth at the pier protected by the
fender system. For flows aligned with the channel, the reduction can be significant.
Unless a physical model study of the combined pier and fender system is conducted, this
reduction is not normally accounted for in the local scour prediction process thus the
actual scour depths experienced by the pier will be less than the predicted values.
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